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INTRODUCTION 
9 
Three processes govern the uptake of a gas into the lungs : 
1. ventilation 
2. transfer across the alveolar-capillary membrane 
3. perfusion 
The gas is brought into contact with the alveolar-capillary membrane 
by the process of ventilation. It subsequently traverses the alveolar-
capillary membrane by diffusion, and dissolves in the alveolar capillary 
blood.Some gases also react chemically with the blood. The gas is 
eventually removed from the lungs by the process of perfusion. 
In 1914 Krogh introduced a single breath method to determine the 
"diffusing capacity" of the lungs. Since then, other methods for deter-
mining gas transfer have been described. No method has, however, 
gained wide clinical approval. 
The present study was undertaken to re-evaluate : 
- the determination of gas transfer across the alveolar-capillary 
membrane by the single breath method, especially the separate deter-
mination of the alveolar capillary blood volume (Vc ), and the trans-
fer factor of the alveolar-capillary membrane (Dm ). 
- its clinical application, especially in cardio-vascular disease. 
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I. DEFINITION OF THE TRANSFER FACTOR 
Diffusion of a gas is a process by which a transfer of molecules takes 
place from a zone in which the gas has a high physical activity to a 
zone in which it has a low physical activity. This process is governed 
by Picks law : 
βη/δΐ = -A.D.6C/<5x (l.l) 
η = the amount of substance (n) 
t = time (t) 
2 
A = the area across which diffusion takes place {I ) 
D = a constant of proportionality kwown as the diffusivity 
2 —1 
[ l Л ) (see also page 13) 
С = concentration (n.l ) 
χ = distance {I) 
So 6n/6t is the instantaneous rate of movement of the gas perpendicu­
larly across a plane A under the concentration gradient 6C/6x. 
Fick derived his formula for diffusion of a gas in one phase by using 
concentration gradients. When considering the diffusion of gases in 
different phases, such as takes place in the lungs, it is preferable 
to talk of activity gradients. This is demonstrated in the following 
example (Forster 1964) : 
Saline 
0 2 -
V 
-¥ 
~* 
olive 
o i l 
C 0 143 259 (ymol.l *) 
P
n
2
 13.33 5.33 (kPa) 
0 2 
12 
Despite the fact that the oxygen concentration in olive oil under a 
given oxygen pressure is higher than the oxygen concentration in sa­
line under its own oxygen pressure, diffusion takes place in the direc­
tion of the olive oil, because the partial pressure of oxygen is higher 
in saline than in olive oil. Picks law has therefore to be converted 
into terms of activity gradients c.q. pressure gradients. 
Inert gases, that is gases which do not combine chemically with consti­
tuents in their solvent ^ ,^ obey Henry's law : 
С = cx.P (1.2) 
α = Bunsens solubility coefficient (mol.l" .kPa" ) 
Ρ = partial pressure of the gas (kPa) 
Substituting this in equation (1.1) : 
δη/δί = -Α.Ο.α.δΡ/δΧ (1.3) 
If the pressure gradient across the whole distance is constant, then 
one can replace the differential quotientδΡ/δχ, by the total pressure 
gradient divided by the total distance : 
δη/δί = -A.D.a.tPj - Р г ) ^ " 1 t 1· 4) 
In this equation A, D, a and χ are constants and can be put together 
to form a new constant Τ : 
5n/6t = -Ί.(?1 - P 2) (1.5) 
In the lungs the instantaneous rate of gas transfer cannot be measured. 
We can only measure the mass transport across the alveolar-capillary 
membrane during a certain period of time, not during a very short - almost 
infinitesimal - period of time. If we introduce this in equation(1.5), we 
replace δη by η and 6t by t. Disregarding the negative sign we get : 
n/t = T.iPj - P 2) (1.6) 
' ' Chemically inert gases e.g. N«0 are not necessarily pharmacologi­
cally inert . 
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In this equation Τ is called the transfer factor or diffusing capacity : 
Τ = n.t"1. (Pj - P 2 f 1 (1.7) 
As we can see from equation (1.7) Τ is expressed in the dimensions amount 
of substance, time and pressure, and according to the modern Si-system' ', 
which is being used throughout this study, can be defined as the number 
of moles of a gas, transferred across the alveolar-capillary membrane, 
during one second, under a pressure gradient of one kilopascal. Up to 
now, in the greater majority of the papers appearing on this subject Τ 
has been expressed in the units ml.min" .mmHg . 
The constant of proportionality D in equation (1.1) known as the diffusion 
coefficient or diffusivity, often gives rise to confusion. It is a mea­
sure of the mobility of the gas molecules in the medium depending on 
the viscosity of the medium and the size of the gas molecules (Moll and 
-2 —1 
Bartels 1964). Its dimensions are I . t . D can be defined as the ratio 
of the amount of substance transferred per unit of time and area to the 
concentration gradient (Radford 1964). 
2 -1 Although in physics the units cm .s are used, Krogh (1920) found it 
more consonant with the actual size of his experimental material to use 
2 - 1 2 - 1 
the units ym .min . In the Si-system the units m .s should be used. It 
should, however, be remembered, that alternations of this type simply 
change the absolute value of D, and not its dimensions. If the concen­
tration of the gas is expressed in terms of pressure, as in equation 
(1.3), the constant of proportionality changes into D.a, that is, the 
diffusivity multiplied by the solubility of the gas in the medium. 
This is known as Kroghs diffusion constant K. Its dimensions are n.t- . 
-] -j 
I .p .An alternation of this type changes the dimensions of the 
constant, and thereby its meaning. Kroghs diffusion constant К should 
not be mistaken for the diffusing capacity or transfer factor T. As 
can be seen from equations (1.4) and (1.5) : 
v ;
 For an introduction to Si-units, with special reference to pulmonary 
function, see Visser (1976). 
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Τ = A.D.α.χ"1 (n.t'^p'1) (1.8) 
It is clear that the dimensions of Τ and К are different and must not 
be confused with each other. 
As we have seen К = D.o. Substituting this in equation (1.8) we find 
the following relationship, existing between Τ and К : 
Τ = Κ.Α.χ"
1
 (1.9) 
2 -1 To summarize : D = diffusivity (I .1 ) 
К = Kroghs diffusion constant = D.a (n.t .1 .p ) 
Τ = transfer factor or diffusing capacity = 
-1 -1 -7 -1 A.D.a.x = K.A.x (n.t .p ) 
Looking at equation (1.7) derived from Picks law it would seem that 
the process of gas transfer across the alveolar-capillary membrane 
is quite simple. It is probably fair to infer, that Τ should be easy 
to obtain, and can be used as a measure of the diffusing properties 
of the membrane. Several difficulties, however, have to be resolved 
when determining the transfer factor : 
1. arising from the derivation of equation (1.7); 
2. arising from the determination itself. 
These difficulties will be discussed in the next two chapters. 
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II. PROBLEMS ARISING FROM THE DERIVATION OF EQUATION (1.7) 
A. Ficks first law has been set up for two stationary environments, be-
tween which a diffusion process takes place perpendicularly across a 
homogeneous area, under a constant pressure gradient, and without a 
chemical reaction taking place between the diffusing molecules and 
the substances making up the environments. 
The manner by which gas diffusion in the lung takes place, is of 
course quite different. We have to realize that : 
a. the environments between which diffusion takes place, i.e. the 
alveolar gas and the alveolar capillary blood, are not stationary, 
but are liable to continuously varying oxygen and carbon dioxide 
partial pressures due to the cyclic processes of ventilation and 
perfusion. 
b. alveoli, alveolar-capillary membrane and alveolar capillaries are 
in continuous movement. This movement is caused by the mechanics 
of respiration taking place in the alveolus, i.e. closing and ope-
ning, dilating and constricting on the one hand (Milic-Emili et al. 
1966) and by the pulsating blood flow in the capillaries on the 
other hand (Lee and DuBois 1955). 
c. diffusion of various gases takes place simultaneously in more than 
one direction. 
d. the diffusion path is not homogeneous. On the contrary, the distance 
which has to be traversed by any gas in the alveolus to reach 
interior of the erythrocyte is composed of the following structures : 
- alveolar epithelium with its basement membrane; 
- interstitial space with collagenous and elastic fibres, and lym-
phatics; 
- capillary endothelium with its basement membrane; 
- erythrocyte membrane. 
e. these structures are not present to the sane extent all along the 
membrane, so the diffusion area is not homogeneous. 
f. when transfer of gas takes place into the blood passing the alve-
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olus, the pressure gradient along the capillary is not constant. 
This results in different diffusion rates at different points 
of the capillary. Moreover, not all capillaries along the alveolus 
are of equal length. The mean pressure gradient may therefore dif-
fer between different capillaries bordering the same alveolus. 
g. chemical reactions take place between hemoglobin and 02» CCU and 
CO. 
Taking into consideration the above mentioned facts, which deviate 
from the assumptions in Ficks law, it may be postulated that the rate 
of diffusion of gas molecules is not uniform, either across or along 
the whole area of the alveolar-capillary membrane. 
B. The transfer factor has been defined as the rate of transfer of a gas 
across the alveolar-capillary membrane per unit of pressure gradient. 
However, a gas which has to be taken up by the lungs, e.g. Op, must 
first be brought into contact with the alveolar-capillary membrane, 
and after diffusion it must be removed by the blood flow. If not, 
gas transfer will come to a standstill. The same criteria hold for 
gas exchange e.g. COp in the opposite direction. It must be clear 
that the transfer factor, in addition to the process of diffusion 
through the membrane, is also influenced by the process of ventilation 
and perfusion. CONTINUOUS TRANSFER OF GAS CAN ONLY TAKE PLACE, WHERE 
FUNCTIONING ALVEOLI ARE IN CONTACT WITH FUNCTIONING CAPILLARIES VIA 
FUNCTIONING MEMBRANES. Only optimal ratios between the processes of 
ventilation, diffusion and perfusion will lead to an optimal transfer 
of gas in the lungs. For this reason, the transfer factor as defined 
in equation (1.7) cannot be used exclusively as a measure for the 
process of diffusion of a gas across the alveolar-capillary membrane 
alone. For a better understanding of the transfer factor and to obtain 
more details as to how diffusion takes place across the alveolar-capil-
lary membrane itself, we must distinguish between its different contri-
buting factors. 
C. a. As can be seen from equation (1.7), the transfer of gas depends 
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on the pressure gradient across the alveolar-capillary membrane 
and hence on the mean alveolar pressure. The mean alveolar pres­
sure is largely determined by the magnitude of the alveolar venti­
lation, and its distribution throughout the lungs. However, be­
cause the transfer factor has been expressed per unit of pressure 
gradient, the actual alveolar pressure has, theoretically, no 
influence on the magnitude of the transfer factor. Strictly spea­
king it is therefore not a problem arising from the equation (1.7) 
itself, but is a matter of exact measurement of the alveolar 
pressure, which problems will be discussed later. The same is 
true for the mean alveolar capillary pressure of the gas. 
b. Once the gas after inhalation has come into contact with the al­
veolar-capillary membrane, several processes take place : 
b.l. diffusion through the membrane; 
b.2. removal of the diffused molecules from the lungs by the blood. 
ad b.l. The diffusion process through the membrane itself can be 
described by a factor Dm, which indicates the number of moles 
of a gas diffusing through the membrane, during one second, 
per kilopascal pressure gradient (mol.s- .kPa" ). 
This factor can be considered as a conductance, and the 
reciprocal is therefore a resistance offered by the mebrane 
alone : 1/Dm. 
ad b.2. The quantity of the gas which per unit of time is dissolved 
in the blood, is equal to aO. in which a is Bunsens solu-
- 1 - 1 
bility coefficient (mol.kPa .1 ) and Q the alveolar ca­
pillary blood flow (l.s ). The quantity of gas which per 
unit of time reacts chemically with the blood, equals с 
in which θ is the rate of chemical combination of the gas 
with the blood, expressed in moles per second, per kilopas­
cal,per liter of blood of known hemoglobin concentration 
(mol.kPa .1 .s" ). Vc is the volume of blood present in the 
alveolar capillaries which comes into contact with the 
alveolar-capillary membrane. 
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The total quantity of the gas which is taken up by the 
blood - in solution and by chemical reaction - therefore 
equals (aQ + eVc)(mol.s" .кРа" ). This factor is a con­
ductance, the reciprocal of which is a resistance to uptake 
of gas by the lungs : l/(aQ + eVc)(Cotes 1968). 
Because of the membrane resistance and the blood resistance are in 
series, it follows that the total resistance to uptake of gas by 
the lungs equals : 
total resistance = 1/Dm + l/(aQ + с) (2.1) 
Since by definition we know, that the transfer factor also equals 
the total conductance to gas uptake by the lungs, then the reci­
procal of the transfer factor equals the total resistance to gas 
uptake by the lungs. Thus : 
1/T = 1/Dm + l/(
a
Q + с) (2.2) 
It is clear that the transfer factor is determined by several fac­
tors. These factors can also differ from one gas to another. Let 
us take two examples : 
1. the transfer of inert gases; 
2. the transfer of chemically reactive gases. 
EXAMPLE 1 : The transfer of inert gases. 
For inert gases such as Helium, Nitrogen, Nitrous Oxide and Acety­
lene θ equals zero, from which follows that с is zero. So 
equation (2.2) changes into : 
1/T = 1/Dm + 1/aQ (2.3) 
This relationship can be further simplified. This is demonstrated 
after aQ and Dm have been converted into other terms : 
a. aQ. Applying the Fick relationship for the cardiac output to 
the alveolar capillary blood flow, and neglecting the shunt, 
we get : 
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Q = V.ÍC^-C-)" 1 (l.s-1) (2.4) 
Q = alveolar capillary blood flow (l.s ) 
-1 V = the transfer of gas in the lungs (mol.s ) 
C i and С- are the contents of the gas in end-capillary and 
mixed venous blood (mol.l ) 
For inert gases applies : С = αΡ (1.2). Substituting this in equa­
tion (2.4) we get : 
Q = V . a " 1 . ^ , - ? - ) ' 1 (2.5) 
From which follows : 
•1 , ., -1 ,n -i, 
a Q = M
p
r ' "
p
w ) (mol.s .кРа ) (2.6) 
b. Dm. Applying equation (1.7) to the alveolar-capillary membrane 
and taking into consideration that n.t equals V, and assuming 
that the inert gas is as soluble in the membrane as in the capil­
lary blood (Forster 1957), it follows that : 
Dm = .(Рд - P^' 1 (2.7) 
Рд = mean partial pressure of the gas in the alveolus 
P- = mean partial pressure of the gas in the capillary 
during its passage along the alveolus 
(Рд - P-) = mean partial pressure gradient across the membrane 
As Forster pointed out, equilibration of all available inert gases 
takes place very rapidly, and has become complete long before the 
blood has completed one passage along the alveolus. This holds 
true, regardless of the solubility of the gas or its molecular 
weight, and regardless whether the membrane has been damaged or 
not (Forster 1957). Accepting this fact we may conclude that : 
Р д = Р
с
, and P E - Рд 
This is illustrated in figure 2.1. 
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MEAN ALVEOLAR PRESSURE 
time 
Figure 2.1 
P- = mean pressure of gas A in the alveolar capillary blood during 
' its passage along the alveolus. Diffusion takes place rapidly 
and is complete, long before the blood has completed its passa­
ge along the alveolus. Consequently P- approximates P- and 
the mean alveolar-capillary pressure gf-adient (a) is small. 
mean pressure of gas В in the alveolar capillary blood during 
its passage along the alveolus. Diffusion takes place slowly 
and is complete, as soon as the blood has completed its passa­
ge along the alveolus. Consequently P- is smaller than P- and 
the mean alveolar-capillary pressure gradient (b) is large. 
For other symbols see text. 
c,B 
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In consequence (Pg - P-) becomes very small; the quotient 
_ ι 
^•(Рл " Р^) (=Dm) is therefore very large in relation to the quo-
rt
".
 c
 _ i 
tient V.(P .-Ρ-) (=oiQ). So 1/Dm becomes very small in relation 
to 1/otQ. Applying this to equation (2.3), we may conclude that 1/Dm 
can be neglected in relation to 1/aQ. With relation to inert gases 
we have found : 
Τ =cxQ (2.8) 
In this case the transfer factor is determined only by the alveolar 
capillary blood flow (l.s ). This property is used in the deter­
mination of the alveolar capillary blood flow with nitrous oxide in 
the body Plethysmograph (Crul 1976). 
The capacity of the membrane to allow inert gases to pass through, 
is so great in relation to the amount of gas which can be dissolved 
in the blood present in the alveolar capillaries, that equilibration 
is established almost immediately. 
Thereafter uptake of more gas is only determined by the speed, by 
which the equilibrated blood is removed, and fresh blood supplied. 
Actually, only a small portion of the available membrane area is 
continuously utilised after initial equilibration. This portion is 
defined as the ratio between the equilibration time of the gas and 
the contact time of the blood. The equilibration time of the gas 
is the time needed to reach equal partial pressure on both sides 
of the alveolar-capillary membrane. The contact time of the blood 
is that period of time which the blood spends in the capillaries 
in contact with the membrane. 
equilibration time
 χ 1 0 0 = % ombrane continuously utilised 
contact time ,? „v 
For example : the heaviest inert gas used in lung function studies, 
SF6, has an equilibration time of 0.022 seconds. All other available 
inert gases equilibrate faster. At rest, the mean contact time of 
the blood in the alveolar capillaries is about 0.75 seconds 
(Comroe et al. 1965). Then : 
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- the first 0.022 seconds, during which all the blood present in 
the capillaries is equilibrated, the membrane is 100% utilised; 
0 022 
- thereafter only A' yg χ 100 = 3% of the membrane is utilised. 
Not until the equilibration time of a gas equals or exceeds the 
contact time of the blood, is the membrane being 100% continuously 
utilised. This is illustrated in figure 2.2. 
The shorter the equilibration time of gas is in relation to the 
contact time of the alveolar capillary blood, the smaller will 
be that portion of the membrane which is continuously utilised 
for gas transfer, and consequently, the smaller will be the mean 
pressure gradient across the membrane. The mean pressure gradient 
can become too small to be measured. This is exactly what happens 
with inert gases. Figure 2.2 is naturally a simp-lification, be­
cause the alveolus is really a three dimensional structure, sur­
rounded by more than one capillary of different lengths. This does 
not, however, essentially alter the events. 
The functioning membrane area and thus the mean pressure gradient 
can in theory increase in two different ways : 
a. by a reduction of the contact time of the blood; 
b. by an increase of the equilibration time of the gas¡. 
ad a. The contact time of the blood during its passage along the 
alveolar-capillary membrane (t ) depends on the alveolar 
capillary blood volume (Vc) and on the alveolar capillary 
blood flow (Q ) : 
tc = Vc/Qc (2.10) 
If the length of a single capillary is stable, t can only 
become shorter by narrowtng the capillary or by increasing 
its blood flow. At rest, the mean contact time of the blood 
is normally about 0.75 seconds (Comroe et al. 1965). During 
exercise, cardiac output can increase by a maximum factor of 
four to five, a heart rate of about 180 beats.min" being the 
limiting factor (Wright 1965). This means that, theoretically, 
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Gas χ, which up to now has not been 
present, enters alveolus A and esta­
blishes equilibrium with the blood pre­
sent in the capillary cc'. The whole 
membrane is utilised for that purpose. 
The equilibration time of the gas is 
presumed to be very short in relation 
to the contact time of the blood du­
ring its passage along the membrane. 
Equilibrated blood leaves the capillary 
at point c', at the same time fresh 
blood enters at point c. After it has 
passed only a very short distance along 
the membrane, at point e, the fresh 
blood has been equilibrated. From that 
point all blood passing the rest of the 
membrane has already reached equilibri­
um, and consequently all diffusion stops. 
After the initial equilibration, only a 
very small part of the membrane is thus 
utilised for gas transfer. 
The contact time of the blood has dimi­
nished by an increase of the flow rate 
of the blood. The equilibration time 
remains constant. Now the fresh blood 
has had to traverse a longer distance 
along the membrane before it has reached 
equilibrium. So a larger part of the 
membrane is being continuously utilised 
for gas transfer. The same can be attai­
ned by an increase of the equilibration 
time. 
The contact time equals the equilibration 
time. The whole membrane is therefore being 
utilised continuously for gas transfer, 
albeit that the pressure gradient of gas 
χ is gradually diminishing along the 
membrane. 
2.2. 
the contact time in the single capillary can be reduced 
also by a maximum factor of four to five. In vivo, in the 
upright lung, an increase of cardiac output is, however, 
accompanied by an increase of the alveolar capillary blood 
volume. This is mainly achieved by opening up of previously 
closed capillaries (Karp et al. 1968; Permuti et al. 1969; 
Bjure 1970; Gurtner and Fowler 1971). A maximal increase 
of cardiac output is accompanied by a threefold increase 
of the alveolar capillary bed (Staub 1974). An overall re-
duction of the contact time of the alveolar capillary blood 
by about 25-40%, from 0.75 to 0.56-0.45 seconds can thus be 
expected. These results are almost the same as obtained by 
Pezzagno and Capodoglio (1970), who found in vivo a reduc-
tion of the contact time from 0.818 seconds during light 
exercise, decreasing to 0.522 seconds during heavy exercise. 
This goes to show, that the shortest possible contact time 
of the alveolar capillary blood, is still very long when 
compared with the equilibration time of inert gases. 
An increase of the equilibration time of a gas can be at-
tained by increasing the amount of gas which can be taken 
up by the alveolar capillary blood. This can be achieved 
by two ways : 
1. By increasing the volume of the capillaries along the 
membrane, more blood is made available to take up more gas. 
However, an increase of the alveolar capillary blood vo-
lume normally takes place by opening of closed capillaries, 
in conjunction with some dilatation of already open capil-
laries. In other words, an increase of the alveolar capilla-
ry blood volume is accompanied by an increase of the func-
tioning membrane area. Thus more gas can be taken up, but 
the equilibration time cannot vary very much. In some pa-
thological conditions the alveolar capillaries can become 
much more dilated. If at the same time, however, cardiac 
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output does not increase or the number of functioning 
capillaries does not decrease, the contact time will be­
come longer thus nullifying the increasing effect of capil­
lary dilatation on the functioning membrane area. 
2. The amount of gas which can be taken up by the alveolar 
capillary blood can be increased by chemical reaction with 
blood components, which removes the dissolved gas mole­
cules. These molecules can therefore no longer exert any 
pressure. The pressure gradient between the alveolus and 
the alveolar capillary blood is thus maintained. This 
will be discussed further in example 2 , but we can state 
at this point that none of the available inert gases are 
of any use for the determination of the transfer factor. 
Their equilibration time is so short, that only a small 
portion of the membrane is being continuously utilised 
for diffusion. Their mean pressure gradient across the 
membrane is consequently too small to be measured. 
EXAMPLE 2 : The transfer of chemically reactive gases. 
Op and CO are not only dissolved in the blood but are also and to 
a larger extent chemically bound to hemoglobin. For these gases the 
term aQ is small compared with the term с. The term aQ may thus 
be neglected. So equation (/2.2) becomes : 
1/T * 1/Dm + 1/ с (2.11) 
In this case the transfer factor is determined by two factors : the 
diffusing capacity of the alveolar-capillary membrane (Dm), and the 
capacity of the blood present in the alveolar capillaries to bind 
the dissolved gas molecules chemically (QVc). In this equation a 
distinction has been made between the diffusing capacity through 
the membrane, and the "diffusing" capacity into the erythrocytes. 
This equation was proposed by Roughton and Forster in 1957. 
Op. From in vitro studies Kreuzer and Yahr (1960) obtained an 
uptake time of 0« in the lung - that is the time needed for 
diffusion and chemical reaction-of 0.6 seconds. Roughton (1959) 
found an in vivo value of 0.78 seconds and Comroe et al. (1965) 
give a value of 0.75 seconds when breathing air. It is clear 
that these values, although not very precise because of the 
considerable difficulties encountered in trying to measure them, 
are of the same order as the contact time of the alveolar capil­
lary blood. From this we may conclude that : 
a. The amount of Op transferred per unit of time, no longer is 
limited by the alveolar capillary blood flow, but by the al­
veolar capillary blood volume. In other words, the transfer 
factor of 0 2 is independent of blood dynamics. It depends 
only on the amount of blood present in the capillaries in con­
tact with the membrane, which is the momentary alveolar capil­
lary blood volume. This only applies, however, if the equili­
bration time of 0 ? equals or exceeds the contact time of 
alveolar capillary blood. 
b. Most of the alveolar-capillary membrane, if not the whole mem­
brane is being utilised continuously for the transfer of Op 
(see figure 2.2). 
с The mean pressure gradient of Op across the membrane, consequently, 
becomes large enough to be determined (see fig. 2.1) making it 
at least theoretically possible to determine the transfer 
factor. 
CO. According to Grahams law the relative rates of diffusion of 
gases from a gas phase to a liquid phase, if measured under the 
same conditions, are proportional to the solubility coefficients 
of these gases, and are inversely proportional to the square root 
of their molecular weights. So we get : 
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1.23 (2.12) 
D mC0 
So : Оли is 1.23 as large as Dm
c 0. 
The affinity of CO to hemoglobin is about 210 times that of 
O2· Thus a Pp
n
 of only 0.06 kPa produces the same percentage 
saturation of hemoglobin as does a PQ of 13.33 kPa. The chemical 
reaction rate of CO with hemoglobin is , however, intrinsically 
slower than that of 0^ (Roughton 1964). This means that under 
physiological conditions , with enough 0 ? present to saturate 
all hemoglobin during its passage along the mebrane, and at re­
latively low CO pressures, the main reaction involved is not 
the combination of CO with reduced hemoglobin, but the displa­
cement of 0 ? from its combination with hemoglobin by CO (Forster 
1964). 
At comparable partial CO and O2 pressures, and taking into account 
their different affinity for hemoglobin, both the diffusion of 
CO through the alveolar-capillary membrane and its chemical 
reaction with hemoglobin take place more slowly than in the 
case of Op. Thus at these pressures, the uptake time of CO ex­
ceeds that of 0«, from which follows that CO is not only theo­
retically a suitable gas, but is probably a better gas for deter­
mination of the transfer factor. 
At this point perhaps we should refer briefly to that important 
chemically reactive gas.CO^, which although it is inhaled from 
the lungs, offers an excellent illustration of the complex fac­
tors influencing the transfer factor of such gases. 
It has always been believed that CO« diffuses 20 times as fast as 
О«. According to Grahams law, this is true for the transfer across 
the alveolar-capillary membrane, but this membrane does not af­
ford the only barrier to gas transfer. The release of COp from 
the blood is linked to the uptake of Op : the release of COp via 
hemoglobin cannot take place, unless simultaneously hemoglobin 
is combining with O«. We can assume that the rate of release of 
COp from whole blood is likely to be of the same order as te 
rate of uptake of 0 2 (Visser 1964a). The transfer of 0 2 and CO 
likewise depends on more than one factor, namely the diffusion 
across the membrane, and the chemical reaction with the blood. We 
agree with Cotes (1963) that it is better to use the term "trans­
fer factor T", instead of using the term "diffusing capacity D. ". 
Both terms are used, however, synonymously throughout the lite­
rature. It is possible to distinguish - as will be discussed 
later - between the different contributing factors of the transfer 
factor (chapter IV). 
summarize the problems arising from the derivation of equation 
7) we can conclude that : 
The environments between which diffusion takes place are not 
stationary. The alveolar-capillary membrane is not homogeneous 
neither across nor along the membrane. The mean pressure 
gradient along the membrane is variable. The mean pressure gra­
dient may also differ between different capillaries bordering 
the same alveolus, depending on their respective length and 
width. Therefore the rate of diffusion for a gas molecule is 
constant neither across nor along the membrane. 
It has been shown that many factors can influence the transfer 
factor, the interpretation of which can vary, depending on which 
gas has been used. 
a. Inert gases have a very short equilibration time in relation 
to the contact time of the alveolar capillary blood. Their 
transfer factor depends mainly on the alveolar capillary blood 
flow, and their mean partial pressure gradient is too small to 
be determined. 
b. О« and CO, because of their chemical reaction with hemoglobin, 
equilibrate much slower. Breathing air, the uptake time of Op 
is of the same order as the contact time of the blood during 
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its passage along the alveoli. At a comparable partial pres-
sure, and taking into consideration its greater affinity for 
hemoglobin, the same holds true for CO. Consequently, their 
transfer factor depends on the diffusing capacity of the 
alveolar-capillary membrane and on the reaction rate with 
the amount of blood momentarily present in the alveolar 
capillaries. The mean partial pressure gradient of these 
gases is large enough to be determined. 
3. At the moment on theoretical grounds Op and CO are the 
only known suitable gases for determination of the transfer 
factor. 
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III. PROBLEMS INVOLVED IN THE DETERMINATION OF THE TRANSFER FACTOR 
To solve equation (1.7) : 
Τ = n.t"1. (P1 - P^"
1
 (1.7) 
three parameters must be known : 
1. the amount of gas transferred from alveolar gas into the alveolar 
capillary blood, during a known period of time (n.t" ). 
2. the mean alveolar pressure of the gas (P-.). 
3. the mean capillary pressure of the gas (P2)· 
ad 1. It is not difficult to measure the amount of gas transferred 
from alveolar gas to the alveolar capillary blood. We can obtain 
it from the volumes of the gas mixtures inspired and expired 
during a known period of time, and the fraction of the gas pre­
sent in those mixtures. This equation can be used : 
Vs = V F I " V F E ("»T·5"1) (З·1) 
ad 2. The basic problem is that we cannot measure gas pressures in the 
alveoli and the alveolar capillaries directly. What we can measure 
is the pressure present in the gas mixture from many alveoli, 
collected at expiration; and the pressure presentina mixture of 
blood, obtained from many capillaries in the pulmonary vein or 
systemic arteries. These are indirect methods of measurement, 
depending on : 
a. the ratio of the expiratory volume flows from different alveoli, 
b. the ratio of volume flows from different capillaries, plus the 
extent of shunting of blood in the lungs. 
For the measurement of the mean alveolar pressure of the gas, 
Bates et al. (1955) suggested the use of alveolar gas samples. 
Fowler (1952), West en Dollery (I960), Milic-Emili et al. (1966), 
and others have, however, proved that the composition of the 
alveolar gas is different from alveolus to alveolus even in 
normal subjects. This makes it impossible to obtain a gas sample 
which is representative for the whole lung. The error made by using 
alveolar gas samples may be small in the normal subject, but may 
be significant in the presence of maldistributions. 
P.
 c o
 can also be theoretically obtained in another way. 
Assuming that the dead space of CO2 equals that of CO, the follo­
wing relationship holds : 
PI,C0 " PA,C0
 =
 PA,C0 2 "
 P I ) C 0 3 ( 3 г) 
PI,C0 " PE,C0 PE,C0 2 "
 PI,C0 2 
Using this formula P.
 r(i can be calculated if P. c 0 is known. 
P. pQ can be obtained by measuring it in an alveolar gas sample. 
This method suffers, however, from the same limitations encoun­
tered in the same kind of measurement of P.
 c o
 and P.
 0 . It also 
can be obtained from an arterial blood sample, assuming that the 
the mean alveolar P
c o
 equals the mean arterial Р
с 0 . This seems 
to be a reasonable assumption, because the relationship between 
CO2 pressure and CCL concentration is approximately linear in 
the physiological part of the CO2 hemoglobin dissociation curve, 
even if the distribution of P. _« is not uniform. This last method 
has been proposed by Fil ley et al. (1954). We have to realize, 
however, that the assumptions made above, are not always correct. 
Kreukniet and Visser (1964) and Shepard (1964) have shown that the 
physiological dead space of CO does not depend, as does the dead 
space of CO^ on the distribution of the V./Q ratio, but on the 
distribution of the V./T ratio. This means that the dead space 
of COp and CO is not necessarily similar. 
Рд
 c 0 equals only Ρ p 0 in the absence of an absolute pulmonary 
shunt, and in the absence of an absolute alveolar dead space (Nunn 
1977). 
It is very difficult if not impossible, to measure the mean alveolar 
capillary pressures of 0^ and CO. 
a. Ρ
 n
 is not constant during the passage of blood along the alve-
С »>-'p 
olus. In theory, assuming that the rate of transfer of oxygen is 
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proportional to the alveolar-capillary P
n
 gradient at any point 
2 
along the capillary, P-
 n can be determined by the Bohr inte-c»U2 
gration procedure if one supplies four parameters (Comroe et al. 
1965) : - the alveolar oxygen pressure, P.
 0 ; 
- the mixed venous oxygen pressure, Ρ-
 n
 ; 
- the alveolar end-capillary oxygen pressure, Ρ ,
 n
 ; 
- the oxygen hemoglobin dissociation curve. 
Ρ-
 n
 can be measured, and graphs can be consulted for the oxy­
gen hemoglobin dissociation curve. It is also possible to 
measure P.
 Q in an alveolar gas sample, but as we have shown 
before the results cannot always be relied upon. The "ideal" 
P.
 0 can be calculated with the help of the alveolar air equa­
tion as derived by Fil ley et al. (1954) : 
Чо
г
 = Р
'.°2-^со2(^г--Ц ^
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The greatest difficulty arises from the estimation of P.,
 n
 . 
An alveolar end-capillary blood sample cannot be obtained, 
so direct measurement is impossible. Even if it were possible 
to get such a sample, it would unlikely be representative of 
the whole lung. Riley et al. (1951 a and b) proposed a trial 
and error method to calculate this value by a two level method, 
breathing alternately air and low oxygen mixture during 
10-15 minutes. Their calculations are now known to be erroneous 
(Cotes 1968). Forster et al. (1955) showed that these errors 
cancel to some extent in the normal lung. Gunnar et al. (1971) 
improved the method by reducing the period of hypoxia to a few 
seconds. In their experiments cardiac output and mixed venous 
oxygen saturation remained constant during the estimations. They 
also did not have to assume that the diffusion of CL remains 
constant during air breathing and during hypoxia. The fundamen­
tal assumption of the Bohr integration procedure appeared, how­
ever, to be untrue. Up to now, no reliable method is known to 
obtain P-
 n
 ; thus the transfer factor of oxygen cannot be re-
c,U2 
liably measured (Nunn 1977). 
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The affinity of CO to hemoglobin is so great, that at relati­
vely low CO concentrations (0.2-0.3%) almost every CO molecule 
taken up in the blood is bound to hemoglobin. In fact P-« in 
the blood reaches at these low concentrations a maximum of about 
0.0027 kPa. For this reason it is assumed that during the up­
take of CO in the lungs, P- ^« can be neglected. This idea 
originated from Bohr (1909). Accordingly, the pressure gradient 
of CO would equal Рд ρ«, provided that no CO is present in the 
blood entering the lung. Yet, to neglect during its uptake 
the rise of Ρ
 c o
 is not entirely correct, because the chemical 
reaction with hemoglobin takes place at a finite rate and is not 
instantaneous. As soon as CO has entered the alveoli, it starts 
to diffuse across the alveolar-capillary membrane, and its partial 
pressure gradient increases in the plasma until the reaction 
rate with blood equals the diffusion rate across the membrane 
(Roughton et al. 1964). Forster (1964) speaks of the esta­
blishment of a quasi-steady state distribution or profile of gas 
concentrations, which has been established before any signifi­
cant part of the hemoglobin has reacted chemically. We may con­
clude that during CO uptake a significant Ρ
 c o
 is present, 
which should be measured, otherwise the transfer factor will be 
underestimated. In this respect there is no essential difference 
between 0« and CO. 
Roughton and Forster (1957) have demonstrated that the reaction 
rate of CO with hemoglobin depends on the oxygen pressure : 
e^Q decreases as P 0 increases. This phenomenon has been graphically 
illustrated by Forster (1964). He pointed out that blood ente­
ring an alveolar capillary becomes fully saturated with Op before 
it has passed a significant distance along the capillary, at a 
P. Q above 27 kPa. The amount of CO which enters the blood during 
this time is negligible, if P.
 c o
 is less than 0.27 kPa. At these 
high О« pressures, CO encounters blood, whose Hb saturation with 
oxygen is practically constant; the Ρ
 n
 is also practically 
С jUp 
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constant. This means that Θ-Q is constant during the whole 
period that CO is being taken up (albeit that
 с 0 varies at 
different 0^ pressures). The value of Ρ
 c o
 is thus a constant 
fraction of P.
 c o
 along the whole length of the alveolar capil­
lary, except at the very beginning (Forster 1964). In this 
case, neglecting Ρ
 с о
 entails therefore a systematic overesti-
mation of the pressure gradient, and thus a systematic under­
estimation of the transfer factor. 
If P.
 n
 is lower than 27 kPa, Ρ
 0 will vary progressively 
along tne alveolar capillary. During air breathing the physio­
logical P.
 0 is about 12.3 kPa. At this low oxygen pressure Ρ 0 
varies markealy. Consequently,
 с 0 is no longer a constant, 
nor is Ρ ~
η
 a constant fraction of P.
 гл
.
 гп
 can only be known 
c,CO A,CO CO 
if Ρ-
 n
 could be estimated, and we have just shown that this 
С ,Up 
is impossible. The values of
 с о
 must lie between the values 
corresponding to P-
 n
 and Ρ ,
 n . This can alter the values 
V , Up С ,Uo 
of Dm en Vc by, at most, 7% and 3% respectively (Roughton and 
Forster 1957). We have no choice but to accept, as everybody 
does, this inaccuracy. 
Yet, CO still has some advantages over 0? : 
- CO can be used at relatively low inspiratory concentrations wit­
hout changing either blood dynamics or its chemical reaction rate 
with hemoglobin, such as happens with 0^ at low oxygen concen­
trations (Yu 1969). Consequently, blood leaving the alveolar 
capillaries has not yet reached equilibrium with P.
 rn
. This 
increases the mean CO pressure gradient, and thus decreases 
the error incurred in neglecting the rise of Ρ
 c n
 during its 
uptake. On the contrary, Ρ
 0 almost equals P. 0 at the end 
of the alveolar capillary under physiological conditions. 
P- Q is therefore relatively large in relation to the mean Op 
pressure gradient. 
- Once COHb has been formed, dissociation hardly takes place. 
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CLHb starts to dissociate to a significant extent at the very 
moment that it is formed. This increases P,.
 n
 and influences 
c,02 
the process of O2 diffusion. 
- The pressure of CO in the blood entering the alveolar capil­
laries (P- - 0 ) is negligible, or is otherwise at a given P 0 
constant and easily measured. Normally P- -Q never exceeds 
0.003 kPa. A greater P-
 c o
 can be present : 
- in smokers, motorcar mechanics, etc.; 
- due to prolonged experiments using CO, due to recirculation; 
- as a result of too quickly repeated experiments, due to 
insufficient wash-out of CO from the body. 
All this must be taken into account during the determination of 
the transfer factor, especially when using high oxygen pressures. 
At these high pressures CO is driven away from Hb. 
To recapitulate : 
1. It is not difficult to measure the amount of gas transferred. 
2. Partial gas pressures present in alveoli and alveolar capillaries 
cannot be measured directly. Thus we have to rely on indirect methods 
of measurement. This can be especially troublesome in the presence 
of maldistributions. 
3. The measurement of the mean alveolar pressure of the gas presents 
some problems. An alveolar gas sample (Bates et al. 1955) may not be 
representative for the whole lung. Calculation of this value for CO 
using the Ρ
 c 0 (Filley et al. 1954) fails, because : 
a. the dead space of CO is not necessarily similar to that of СО^; 
b. P,
 r n
 not necessarily eauals P.
 г л
 . 
a.COp A,C02 
4. The measorement of the mean capillary pressure of CO and O2 is vir­
tually impossible. CO can be used, however, uncomplicated at very small 
concentrations. Neglecting this pressure results therefore in a rela­
tively greater overestimation of the alveolar-capillary pressure gra­
dient for O2 than for CO. 
5. In contrast to 02Hb, dissociation of COHb hardly takes place. 
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б. Ρ- pQ is normally very small, or is otherwise easily measured. 
Conclusion : At the present time CO seems to be the most suitable gas 
for determining the transfer factor, and we shall be 
concentrating on the CO methods for its determination. 
CO methods for determining the transfer factor 
There are several CO methods for determining the transfer factor. They are 
all based on the measurement of the total resistance to gas transfer 
offered by the structures which lie between the gas in the alveoli and 
the hemoglobin within the red cells of the alveolar capillaries, as 
well as by the reaction rate with hemoglobin. The methods differ accor­
ding to the conditions under which measurement takes place. The me­
thods are : 
1. the single breath method 
2. the steady state method 
3. the rebreathing method 
4. the fractional CO uptake method 
Only the first three methods provide all the data required for quanti­
tative determination of the transfer factor. 
1. The single breath method. 
The single breath method, introduced by Krogh in 1914, is the oldest 
known method for determining the transfer factor. It is based on the 
assumption that the rate of disappearance of CO from alveolar gas during 
breath-holding is proportional to the concentration present. 
It involves the measuring of P.
 c 0 at the start and at the end of a 
period of breath-holding. Gas containing CO is inhaled and a small por­
tion is exhaled immediately to determine the initial CO pressure 
^АО.СОУ A second sample is delivered at the end of a breath-holding 
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fo rmula 
Τ = 
can be 
В-47 
derived : 
ln
PA0,C0 
PAt,C0 
X 
1 
t 
period (t) to measure the final alveolar CO pressure (P A t с о ) . Also 
determined is the volume of the lungs at which diffusion occurs ( д) 
and the barometric pressure (B). If Ρ ^ is zero, then the following 
(3.4) 
Forster et a l . (1954a) added non-di f fus ib le helium as a t racer to the 
inspired gas. This el iminated the need f o r i n i t i a l a lveolar gas sampling, 
because assuming that CO and He are s i m i l a r l y d i s t r i b u t e d at i n s p i r a ­
t i o n , P.Q
 c o can eas i ly be calculated from : 
PA0,C0 = P I ,C0 x T - 2 ( 3 · 5 ) 
Ч.Не 
Рт
 C O = inspired p a r t i a l CO pressure 
Fj - and Fç
 H = f rac t i on of He in the inspired and expired gas 
A fur ther improvement was made by Jones and Mead (1961), who demonstra-
ted that the e f fec t i ve breath-holding time on the alveolar level is 
not equal to the time during which the subject actua l ly holds his 
breath. According to t h e i r experiments the e f fec t i ve alveolar breath-
holding time lasts from 3/10 of the insp i ra tory t ime, to the midpoint 
- in time - of alveolar gas sampling during exp i ra t ion . They stressed 
fu r ther the importance of taking small samples as soon as possible 
during exp i ra t ion , that i s , immediately a f te r the dead space has been 
washed out completely. The tes t i s eas i ly performed and needs l i t t l e 
co-operation from the side of the subject , except holding one's breath. 
Sampling of a r t e r i a l blood is not required. 
The single breath method has three basic problems : 
Krogh (1914) assumed the rate of disappearance of CO from alveolar gas 
during breath-holding to be proport ional to the concentration present, 
which means that P. pn decays exponent ia l ly . In the indiv idual alveolus 
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this is only true, if Ρ QQ is zero or a constant fraction of Рд
 c o
. 
As we have seen (p.35) this is not always the case. In addition, this 
holds true for the whole lung, if there are no distribution inequali­
ties. The occurrence of distribution inequalities, and their influence 
on the determinations will be discussed later (chapter VI). 
A third problem forms the measurement of the alveolar gas volume, V-, 
at the time of breath-holding. д is frequently calculated from the di­
lution of helium in a way similar to Рд 0 c o (3.5) : 
д - V j X - b b i (3.6) 
FE,He 
Both He as well as CO are assumed to be similarly distributed throughout 
the lungs, because of a period of breath-holding smoothes the effect of 
different diffusion rates in the airways. Therefore д calculated in this 
way, is supposed to be the "effective alveolar gas volume" (McGrath 
and Thomson 1959). However, Fr ii
e
 depends on the expiratory volume flows 
from the different contributing compartments at the moment of sampling. 
In the presence of unequal ventilation, FE ,, will be relatively large 
if the volume flow from the well ventilated compartment dominates at 
the moment of sampling, and will be relatively small if the volume 
flow from the badly ventilated compartment dominates. Consequently, 
д will be either over- or underestimated. 
The correct value of д can be obtained, but then one has to postulate, 
that the alveolar gas sample was taken just at the moment that the 
ratio of the expiratory volume flows from the different contributing 
compartments equaled that of their end-expiratory volumes. 
Figure 3.1. illustrates this phenomenon. 
In the presence of unequal ventilation the value of д calculated from 
a single breath dilution of He is most likely neither the "effective" 
nor the real alveolar gas volume. 
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1600 1600 
Figure 3.1. 
The residual volume of compartment A and В is 1200 ml. The total 
inspiratory volume is 1600 ml; the inspiratory gas mixture contains 
10% He. In example I, compartment A receives only 400 ml of fresh 
gas during inspiration due to airway obstruction, while compartment 
В receives 1200 ml. The same maldistribution takes place in example 
II, but this time being caused by diminished compliance of compart­
ment A. 
A,He 
400 
1600 χ 10 = 2.5 vol% and 
1200 
χ 10 = 5 vol% 
B,He 2400 
The total end-inspiratory alveolar volume is 4000 ml. 
I. In case I, expiration from compartment A takes longer than from 
compartment B. If the ratio of the expiratory volume flows from 
the compartments A and В is 1 : 2 at the moment of sampling, then 
(1 χ 2.5) + (2x5) 
"E,He 
=4.17 vol% and 
VA = 1 6 0 0 X 4Л7 = 3837 ml 
II. In case II, expiration from compartment В takes longer than from 
compartment A. If the ratio of the expiratory volume flows from 
the ccmpartments A and В is 2 : 1 at the moment of sampling, then 
(2 χ 2.5) + ( 1 x 5 ) 
'E,He 
= 3.33 vol% and 
V, = 1600 χ A 
10 
3.33 = 4800 ml 
In this case V has become much greater than it really is. The same 
can happen in example I, if the alveolar gas sample is taken near 
the end of expiration. The correct value of V must be found some­
where in between. 
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III. The correct value of V is calculated only, if the ratio of the 
expiratory volume flows of the compartments A and В equals the 
ratio of their end-inspiratory volumes, which in our example is 
1.6 : 2.4. Then : 
(1.6 x 2.5) + (2.4 χ 5) 
C,,
 TT = ^ = 4 vol% and 
E,He 4 
V = 1600 x -^ - = 4000 ml A 4 
2. The steady state method 
With this method the subject breathes a gas mixture containing a low 
concentration of CO (about 0.1 - 0.2 о И ) until P.
 cû reaches a pla-
teau, which means that a steady state has been reached. The following 
parameters are then measured : 
1. The uptake of CO during a known period of time can be calculated 
from the inspired and expired gas volumes, and CO concentrations. 
One substracts the amount of CO inspired from that which is expired. 
2. P-
 c0 usually is neglected. This is, as we have shown before, not 
entirely correct. Because of the relatively long duration of the 
test (several minutes of CO breathing), recirculation must be taken 
into account. Subjects with a normal or high transfer factor have 
a considerable increase in blood CO during the test, and unless 
this is allowed for, it may.lower the transfer factor by as much 
as 20% (Linderholm 1957). 
3. Рд rn fluctuates throughout the respiratory cycle. Two methods try 
to overcome this difficulty in order to estimate the mean alveolar 
CO pressure, Рд
 Cû : 
- Filley et al. (1954) calculate Рд
 c o
 indirectly using Ρ
 c o
 , 
assuming that the physiological dead space of C0 ? equals 
that of CO, and Ρ
 c o
 equals P.
 c o
 . 
- - Bates et al. (1955) assume the end-tidal P
c o
 to be equal to 
PÄ,C0· 
Both methods have their l imi tat ions. 
The steady state method is very sensitive to the rate and depth of 
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breathing. The more frequent the respiration, the less will be the 
cyclic variation in P.
 co and the less the expected errors in the 
alveolar sampling technique, provided of course that the tidal volume 
is kept large enough to wash out the dead space (Forster 1957). The 
larger the lung volume, the bigger will be the transfer factor (Gurt-
ner and Fowler 1971). To get reproducible results, the subject must 
breath rapidly at a fixed rate and at fixed tidal volume. One must 
also aim at keeping the FRC constant. This is virtually impossible 
at rest, so the subject must perform some physical exercise. This in-
fluences, however, alveolar perfusion and alveolar capillary blood 
volume (Yu 1969). Moreover, this method is dependent on the co-operation 
of the subject. The steady state method for determining the trans-
fer factor is consequently for practical and theoretical reasons 
more difficult than the single breath method. Yet, the values for 
the transfer factor obtained by the single breath method and by the 
steady state method, appear to be of the same order when determined at 
the same lung volume and with the subject at rest (Apthorp and Marshall 
1961, Cadigan et al. 1961). 
3. The rebreathing method 
This technique was introduced by Kruhfiffer in 1954, who tried to keep 
Pn pQ uniform, thus minimizing the effects of unequal ventilation. 
The subject rebreathes quite deeply for roughly 30 seconds from a bag 
containing a mixture of air and a low concentration of CO at a rate 
of about 25 per minute. This is to enable the gases in the lungs to 
become well mixed with those in the bag. A non-diffusible gas is added 
in order to measure the total gas volume of the system, lungs plus 
bag, and the original volume of gas in the lungs. The transfer factor 
can be calculated in a manner similar to that of the single breath 
method : 
1. The amount of CO transferred during the rebreathing period is cal-
culated from the change of CO concentration in the system, multi-
plied by the total amount of gas in the system. 
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2. Ρ.η
 CQ is calculated from the CO and He concentrations in the bag 
before the start of the test, and the He concentration at the end 
of the rebreathing period. 
3. P-
 C Q is again neglected. 
4. P..
 c 0 is directly measured by means of a rapid CO analyzer placed 
between the subject and the bag. 
With a rapid CO analyzer the disappearance curve of CO can also be 
easily determined. If the respirations are rapid and deep enough 
P.
 c o
 throughout the lungs will approach the same value as P
c o
 in the 
rebreathing bag. The value for the transfer factor obtained in this 
manner will not be influenced by an uneven distribution of ventilation. 
The rate of CO disappearance should then be exponential even in the 
case of unequal V./V.. If not, uneven distribution of the transfer 
factor must then play a role. The rebreathing method seems to be 
an excellent method to overcome the problems of unequal ventilation in 
determining the transfer factor (Forster 1957, Burrows and Harper 
1958, Burrows et al. 1960a and b). Unfortunately the method requires 
very expensive equipment. For the rapid analysis of CO concentrations, 
a mass spectrograph is needed and since the mass numbers of CO and N 9 
18 both are about 28, one has to use radioactive С 0 with a mass number 
of about 30. This is the reason why the method never got wide spread 
use in clinical practice. Its possibilities must be kept in mind, 
nevertheless, and its application must be weighted thoroughly against 
its high costs. 
4. The fractional CO uptake method 
The fractional CO uptake is the percentage of the CO inspired 
which is absorbed in the lungs over a known period of time : 
fractional CO uptake = -^Щ ^ ^ χ 100% (3.7) 
Ч.СО 
The fractional CO uptake is only a qualitative index, and not a quan­
titative measure for gas transfer in the lungs. It depends on the 
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diffusing capacity of the alveolar-capillary membrane, including the 
chemical binding to hemoglobin. In general, the greater the diffusing 
capacity the greater the amount of CO that will be absorbed per unit 
of time. The fractional CO uptake also depends on the alveolar venti-
lation. It approaches zero, either as the tidal volume approaches 
the dead space, or when the minute ventilation increases infinitely. 
It reaches a maximum value somewhere between these two extremes 
(Forster 1957). The fractional CO uptake is independent of P.Q -Q. 
According to Forbes et al. (1945), Bates (1952) and Filley et al. 
(1954) the normal value is about 50% at rest. When the fractional CO 
uptake is normal, it is probable that no impairment of diffusion 
exists. An abnormal value does not necessarily imply a diffusion 
abnormality (Kreukniet and Visser 1962). For instance, the fractional 
CO uptake is diminished in patients with a non-uniform distribution 
of V./Q , without diffusion disturbances of the alveolar-capillary 
membrane itself being present. 
Although the method is very simple, it seems to offer no great advan-
tages, unless perhaps in a rapid first screening of a large population. 
A little more effort suffices to calculate the transfer factor. 
To recapitulate : 
The rebreathing method seems to be the best method for determining the 
CO transfer factor. It is not influenced by inequalities of ventila-
tion. Unfortunately the rebreathing method needs very expensive equip-
ment. Very strong criteria must be applied before one chooses this as 
the method of choice. The theoretical and practical problems encountered 
in the steady state method are more difficult to get around than in 
the single breath method. The fractional CO uptake method is a qualita-
tive and not a quantitative determination of gas transfer. In conclu-
sion and in practice, the single breath method seems to be the method 
of choice to determine the transfer factor. 
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IV. DETERMINATION OF THE CO TRANSFER FACTOR WITH THE SINGLE BREATH 
METHOD 
A. Theory. 
1. Determination of the transfer factor (T). 
2. Separate determination of the transfer factor of the alveolar-
capillary membrane (Dm) and of the alveolar capillary blood 
volume (Vc). 
1. Determination of the transfer factor (T). 
The CO transfer factor of the lung has been defined as the number 
of moles of CO transferred across the alveolar-capillary membrane 
during one second under a pressure gradient of one kilopascal. In 
formula : 
Vo -1 -1 
Trn = о ГТ5 mol.s i .kPa 1 (4.1) 
L U
 % С 0 " v,C0 
-1 V
c o
 = rate of uptake of CO (mol.s ). 
Рд
 c o
 = mean pressure of CO in alveolar gas (kPa). 
P-
 c o
 = pressure of CO in the mixed venous blood, also called 
the CO back pressure (kPa). 
(Рд
 c n
 - P-
 c o
) = mean pressure gradient of CO between alveolus 
and blood (kPa). (The rise of Ρ
 c o
 during the 
uptake of CO is neglected.) 
One litre
 Sjp D of the gas contains 0.0446mol. V c o expressed in moles 
per litre
 S T p D of alveolar gas volume corresponds at any given moment 
to óF/ót.0.0446 mol.s . The pressure gradient (Рд
 c o
 - P-
 c 0 ) may 
also be written (Fj -0 - F- Со)( в " 6.27), where F is the fraction 
of CO in the alveolar gas (A), and mixed venous blood (ν). В is 
the barometric pressure and 6.27 is the water vapor pressure in the 
lungs expressed in kilopascals. Applying this to equation (4.1) we 
get : 
T
v CO = 6F/St x 0-0446/(FÄ - Fv)(B " б · 2 7 ) пю1.5"1.кРа"1.Г1 
(4.2) 
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Τ = t ransfer factor per l i t r e ^ T p r . of alveolar gas volume. 
Af ter i n t e g r a t i o n and rearrangement t h i s re lat ionship becomes : 
Tv,C0 • Т Г ^ О Т Т * 4 * '» ^ - I . . - 1 · «* .- 1 . ! - 1 (4.3) 
F
n
and F. are the fractional concentrations of CO in the alveolar 
gas at the start and at the end of breath-holding. 
t is the period of breath-holding in seconds. 
This is the same relationship as equation (3.4), introduced by 
Krogh (1914), with the difference that the back pressure of CO is now 
taken into account (but not the rise'of Ρ
 c o
 during the uptake of 
CO before the reaction with hemoglobin has been completed and 
equilibrium has been reached). 
In practice it is more convenient : 
- to assume a barometric pressure of one atmosphere = 101.3 kPa. 
When the measurements are made at see level, and taking into 
account a normal variation in atmospheric pressure, an error of 
at most 4% can be expected. This is permissible considering the 
variations one meets in results of measurements made on the same 
day as well as those met in the standard deviation of the stan­
dard value of Τ
 co
 (see chapter V). 
- to express the transfer factor in mo'\, rather than in mol. 
Incorporating this in equation (4.3) we get : 
T
v CO = "нИ x 1n ρ 0 - F- ^ol.s^.kPa" 1.!" 1 (4.4) 
This equation was originally derived by Cotes (1968). He used the 
units ml Q T D n.min" .mmHg" . The conversion factor into SI units is 
-1 -1 -1 -1 
5.58. So 1 ml S Tp D.min .mmHg equals 5.58 ymol.s .kPa . 
The transfer factor of the whole lung, T, equals Τ multiplied by 
the alveolar gas volume during the period of breath-holding in 
litres S T p D : 
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Τ = Τ
ν
 χ V A ) S T p D (4.5) 
As has been discussed before, the measurement of V. is not as easy 
as has often been thought (see page 39). 
To be able to calculate Τ -0 we must know : 
1. FQ
 CO. This is calculated from : 
F o , c o = F i ,co Χτγ^ ( 3 · 5 ) 
FT r n and FT ил are measured in the inspired gas, and F,- u I,CO I,He r э E,He 
in an alveolar gas sample taken during expiration at the end 
of the breath-holding period. 
2. F.
 rn
 is measured in the same alveolar gas sample. 
3. t is the breath-holding period in seconds. 
4. F-
 c o
 is measured by a rebreathing method, analysing the gas in 
the rebreathing bag after equilibration with the pulmonary 
capillary blood. 
For further details of the measurements see test procedure. 
Breathing air the back pressure of CO normally is sufficiently 
small to be ignored. In that case the equations (4.4) and (3.5) 
can be put together and Τ
 с о
 calculated directly from : 
T 469.2 v ,
 F I ,C0 x FE,He . -1 .
 D -1 , - 1 . . ... 
T
v, rn
 =
— ϊ —
x 1n
 τ~ ΤΎ-*— ymol.s .kPa .1 (4.6) 
v
'
l
'
u z
 Ч,С0 x 4,He 
The back pressure of CO at high oxygen pressures must not be 
ignored, because then CO present in the blood is to a larger 
extent driven away from hemoglobin, thus exerting a higher pressure 
in the blood plasma. This may delay gas uptake considerably. 
In that case F 0 c 0 and F. c o should first be calculated separately 
and only afterwards substituted in equation (4.4). 
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2. The separate determination of the transfer factor of the alveolar-
capillary membrane (Dm) and of the alveolar capillary blood volume 
(Vc). 
We have already seen that : 
In this equation a distinction is made between the diffusing capa­
city of the alveolar-capillary membrane and the "diffusing" capa­
city into the erythrocyte due to the chemical reaction with hemoglo­
bin. θ, the reaction rate of CO with blood, is proportional to the 
amount of hemoglobin available; it varies in inverse proportion to 
the oxygen pressure and it is affected by the permeability of the 
red cell membrane to CO. Roughton and Forster (1957) demonstrated in 
vitro, that the red cell membrane acts as a barrier to gas transfer. 
They found that the ratio of the permeability of the red cell mem­
brane to the red cell interior, named λ, normally has a value of 
about 1.5 - 2.5. Kreuzer and Yahr (I960), however, showed that in 
vivo the red cell mebrane offers no significant resistance to the 
diffusion of oxygen. 
Hemoglobin, which is probably an essential constituent of the red 
cell membrane (Anderson and Turner I960), facilitates the diffusion 
of oxygen (Kreuzer and Hoofd 1970). 
The same holds for the diffusion of CO, which consists of a smaller 
molecule than Op, and has a greater affinity to hemoglobin (Kreuzer 
and Hoofd 1976). Furthermore, the uptake into the red cell is faci­
litated because the shape of the cell is continuously changing du­
ring its passage through the pulmonary capillaries, thus stirring 
its contents (Sirs 1967). We may thus assume that the red cell mem­
brane in vivo can be considered to offer a negligible resistance 
(λ = »J to diffusion of Op and CO. 
The only relevant factors which act upon remain the amount of 
hemoglobin available and the pressure of oxygen. The following 
relationship holds (Cotes 1968) : 
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1 60.9 + 7.93 Ρ-
 η
 ,
 1 
_ = E J ^ 2 — χ 10"° l .s.kPa.pmol" 1 (4.7) 
θ
 Μ M i - sEsCO/ioo) 
Ρ-
 η
 = mean 09 pressure in the alveolar capillaries (kPa) 
г 'л 2 
[Hb] = hemoglobin concentration as a fraction of normal 
S- pQ = mean percentage saturation of hemoglobin with CO in the 
alveolar capillaries 
ÍHb] χ (1 - S-
 c o
/100) = amount of hemoglobin available for 
combination with CO. 
Usually, i.e. with the low CO concentrations normally used in the 
experiments, S-
 c o
 is so small that the factor (1 - S-
 c o
/100) can 
be neglected. This simplifies equation (4.7) to : 
1 60.9 + 7.93 P- m Α ι 
Ь ^ 2 - χ 10"° l.s.kPa.ymol"1 (4.8) [нь] 
Applying equation (4.1) to the a l v e o l a r - c a p i l l a r y membrane alone, 
Ρ-
 n can be calculated from : 
с »и« 
0ra
»-°2=w^k^ ( 4 · 9 ) 
Dm
 n
 = Dm
 r n
 χ 1.23 (see paae 27) 
. v,0 2 v,C0 ι к - / _ 
ν 0 = 0 Х У 9 е п consumption per litre V.
 S T p D in ymol.s 
Рд
 0 = mean alveolar P 0 in kPa 
P-
 n
 = mean P
n
 in the alveolar capillaries in kPa. 
c,0 2 O2 
On substitution and rearrangement equation (4.9) becomes : 
0
·
8 1 3
 Vo, 
"-co, • PÂ.o2 - - Т Я ^ Г ί4·1») 
ΡΪ
 n
 is supposed to be equal to the oxygen pressure in the alveolar 
gas sample at the end of breath-holding. P..
 0 . We must realize 
however, that in this way Ρ»
 n
 and thus Ρ-
 n
 and l/ tend to be 
slightly underestimated. V
 0 can be measurea or a value can be 
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assumed. So θ can be expressed in terms of Dm 
1 60.9 + 7.93 (Рд
 0 
0.813 V 
v,0 
Dm v,C0 
2) 
[Hb] 
v,C0 
x 10 1.s.kPa.pmol" 
(4.11) 
Consequently, if we measure Τ breathing air or a high oxygen 
mixture alternately, substituting the values of Τ obtained in 
equation (2.11), and expressing θ in terms of Dm , we have obtained 
two equations from which Dm and Vc can be solved. Equation (2.11) 
can be solved graphically by plotting 1/T against 1/ , giving a 
straight line whose intercept equals 1/Dm and whose slope is 1/Vc. 
This is illustrated in figure 4.1. 
1/T 
(kPa.s.yumoH) 
0.0200 Η 
0.0150 -
0.0100-
0.0050-
P02 
^ ^ 1 3 . 6 к Р а 
>1/Dm 
,0 25 
О 
""Г" 
0.2 
A/B = l/Vc 
-Г" 
0.4 
50 
_ι_ 
75 100 Р02(кРа) 
0.6 0.8 1 
1/ö(1.s.kPa./amol-1) 
Figure 4.1. 
Graphical solution of the equation 1/T = 1/Dm + 1/ с (2.11). For 
explanation see text. Figures after Roughton and Forster (1957) and 
Cotes (1968) at λ = ш, converted into SI units. 
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In our era of electronics, computers and calculators it is more 
convenient to calculate Dm and Vc directly from the equations 
(4.12) and (4.13) below, obtained by further working out the rela­
tionships mentioned above. 
T
vlxTv2X(P2-Pl> - 0 · 8 1 3 о А г ._ .-1 _-l ,-l 
T
v2 x P2 - Tvl x Pl - 7 - 6 8 ( Т Г Т 2) 
Dm
v
 = —2 ymol.s .kPa .1 
(4.12) 
7.93(P2 - Pj) χ Τ j x Τ 2 
Vc
v/ = — ь i üi ™ χ 10
 J
 ml.l 1 (4.13) 
И
 x
 (Tvl - Tv2) 
Dm , Vc and [Hb] are defined above. 
T
v l and Τ - are the values of the CO transfer factor per litre 
V 
A.STPD at alveolar oxygen pressures P, and P2. 
The constant factors follow from the manipulation of the previous 
equations. 
Because variations of V
 n
 influence only slightly the value of Dm , 
v,U2 ν 
a constant value of V
 n
 can be assumed. According to Comroe et al. 
(1965) a healthy, resting young male with a surface area of 1.7 m 
-1 - l 
has a Vn of 240 ml.mm , that i s 178.5 ymol.s . To get V n this 
value must be divided by V.
 S T p D 
Dm
v
 and Vc
v
 are expressed per litre д
 S T p D . To get the values of Dm 
and Vc, Dm and Vc must be multiplied by V. r Tp n-
As has been shown before, in the presence of uneven ventilation V» 
estimated from the dilution of helium during a single breath test 
is very likely to be incorrect. Nevertheless, it is the only value 
of V« which can be obtained simultaneously with the other parameters 
needed to calculate the transfer factor. All other methods fail, 
because it is not certain whetherV.is measured at the same lung 
volume existing during the breath-holding test. As long as there 
is no evidence of serious uneveness of ventilation (which has to 
be assessed routinely prior to the breath-holding test) the single 
breath values of V. will be used in this study. 
Test procedure. 
The test procedure is as follows : 
1. The subject sits in an upright position and is connected to the 
apparatus through a mouthpiece. Breathing through the nose is 
prevented by a clip. 
2. In order to raise the alveolar oxygen tension, he starts breathing 
100% oxygen via a non-rebreathing valve for five minutes. 
3. The back pressure of CO is measured by switching the breathing 
tube to a bag containing five litres of oxygen from which the subject 
rebreathes for the next four minutes.The C0 ? is removed by a soda 
lime absorber placed between the subject and the bag. At the end 
of this period an almost complete gaseous equilibrium is supposed 
to have taken place between the bag, the alveoli and the pulmo­
nary capillary blood. The gas in the bag is analysed for CO and 
O2· This reflects the back pressure of CO at that oxygen pressure. 
4. The subject proceeds with breathing 100% oxygen (2) till every­
thing has been set up for the breath-holding manoeuvre. 
5. The subject exhales to residual volume, the breathing tube is 
switched to a bag containing 0.28% CO, 10% He and 89.72% 0 2, and 
he inhales quickly a preset volume of gas from the bag. As will be 
discussed later (chapter V) the lung volume must be more than 80% of 
his vital capacity. The breath is held for about 10 seconds, the 
breathing tube being closed mechanically for this period of time. 
The subject exhales rapidly. During expiration an alveolar gas 
sample is collected into a second bag; this must be done immedia­
tely after the dead space has been washed out completely. The 
sample is analysed for CO, He and Op. We now have all the available 
data to calculate Τ
 n
 . The breath-holding manoeuvre is illustrated 
V »Up 
in figure 4.2. 
6. The subject is now switched to breathe 100% 0 2 (2), until every­
thing has been put into readiness again to repeat the breath-
holding manoeuvre (5). This is done to get a double value for Τ
 n
 as 
V »"ρ 
proof that everything has gone well. The interval between 
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Figure 4.2. 
Spirogram illustrating the single breath manoeuvre. The subject 
exhales to residual volume, inhales a preset volume of test gas 
to at least 80% TLC, after which a valve closes the breathing tube. 
After 10 seconds the valve re-opens and the subject exhales rapid 
ly. An alveolar gas sample is taken immediately after the dead 
space has been washed out completely. The effective breath-holding 
time is taken from the moment that the same volume selected for 
dead space wash-out has been inspired, till 50% of the sample 
has been collected. 
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these breath-holding manoeuvres is at least 4 minutes. 
7. The subject changes over to breathing air for the next 10 minutes 
to flush out the previously inhaled gases. 
8. The breath-holding manoeuvre is performed twice, inhaling a gas 
mixture with the same percentages of CO and He, completed by 18% 
Op in Np. In between both tests, the subject breathes normal air 
for at least 5 minutes. In this way Τ can be calculated. We 
v,air 
now have all the available data needed to compute Dm and Vc . The 
Hb content of the blood has to be measured separately. 
Several points of the test procedure need further comment : 
Insoluble gas wash-out curves (Fowler 1952, Bouhuys and Lundin 1959) 
show that the inspiratory gas volume is normally not equally distri­
buted throughout the lungs, because a slope of the alveolar part of 
the expiratory concentration curve is found. An equal = even = uni­
form ventilation means that during inspiration each alveolus receives 
at the same instant gas having the same volume (in relation to its 
previous pre-inspiratory volume), and that this gas will mix almost 
instantaneously with the functional residual gas in the alveolus 
(Comroe and Fowler 1951). A slope in the alveolar plateau of an in­
soluble gas wash-out curve can only appear when alveolar concentration 
differences are present and expiration takes place asynchronously. 
Selective bronchospirometry and bronchial catheterization studies 
(Martin and Young 1956, Mattson and Carlsen 1955, Koler et al. 1959) 
showed clearly that in the upright position the lower lobe is better 
ventilated than the upper lobe. At the same time the 0« concentration 
in the upper lobe was found to be consistently higher than in the 
lower lobe. They concluded that perfusion diminishes to a greater 
extent from lung base to lung top than is the case with ventilation. 
This was confirmed by studying the distribution throughout the lungs 
ic ι oo 
of radioactive С Op and Xe during inspiration and its subsequent 
disappearance from the lungs, and the appearance in the lungs of 
133 intravenously injected Xe. This gas, because of its low solubility, 
diffuses into the alveolus almost completely on the first circulation 
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(West and Dollery 1960, Ball et al. 1962, West 1963, Bryan et al. 1964). 
From these studies has been derived the now generally accepted principle 
that in the upright position ventilation and perfusion are distributed 
along a vertical gradient, the lower parts of the lungs always being 
better ventilated and more perfused than the upper parts, the distri-
bution gradient of the perfusion always being greater than the venti-
lation gradient. Mean values taken from top to base demonstrate a 
ventilation gradient of 1 : 1.6 and a perfusion gradient of 1 : 3.2 
(Bryan et al. 1964), but larger gradients especially of perfusion have 
been reported. Thus the upper parts of the lungs normally have a large, 
the lower parts a small ventilation/perfusion ratio. 
West (1962) and Milic-Emili et al. (Milic-Emili et al. 1966, 
Dolfuss et al. 1967, Glaister et al. 1973a and 1973b) supplied evi-
dence for the possibility that this distribution pattern is determined 
by gravity. Gravity gives rise to a vertical pleural pressure gradient, 
which results in the fact that different parts of the lung come to lie 
on a different section of the static compliance curve, and consequently 
these parts have a different effective compliance. They found that the 
upper parts of the lungs ventilate preferentially at lung volumes below 
FRC. They assumed a uniform intrinsic compliance. Airway resistance 
did not play a role in their experiments, because the flow rate was 
kept either very low (0.5 l.s ) or at zero, when incremental volume 
changes were studied. Agostoni (1972) supplied evidence for another 
possibility, first mentioned by Mead (1961), viz. that the pleural 
pressure gradient is caused by the necessity of the lung and the tho-
racic cavity, both having different natural shapes, to conform to each 
other. Kaneko et al. (1966) and Clarke et al. (1969) give strong support 
to the view of Milic-Emili. They showed that the relation of the lung 
to the direction of gravity determines the distribution of ventilation 
in every posture, even upside down. Recently Rehder et al. (1977) also 
gave support to the view of Milic-Emili, and in addition stressed the 
importance of the varying support of the abdominal contents in different 
positions, especially in anesthetized paralysed man. Their findings 
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are not consistent with those of Agostoni. 
In our test the subject is sitting upright, inhales deeply, holds 
his breath for about 10 seconds, and finally exhales rapidly. What is 
the influence of this procedure on the distribution of the ventilation ? 
In the upright position ventilation was found to be more uniformly 
spread than in the other positions by Fowler (1952) using the single 
breath technique, by Bouhuys and Van Lennep (1962) using a multiple 
133 breath technique, and by Rehder et al. (1977) using radioactive Xe. 
Body position was found to have little effect on the distribution of 
ventilation by Newman and Thomson (1969) and Jones (1967) using a 
single breath technique and Young et al. (1963) using a multiple 
breath technique. It seems reasonable to assume that the distribution 
of ventilation in the upright position is at least the same obtained 
in other body positions and perhaps even more even. 
The effect that a deep inspiration has upon the distribution of the 
inspiratory gas volume has been studied using a single breath tech-
nique by several authors. The results are conflicting : Fowler (1949) 
found a decrease, Kjellmer et al. (1959) and Mills and Harris (1965) 
an increase, and Shephard (1956) no change in the slope of the alveolar 
plateau. However, the slope of the alveolar plateau is determined not 
only by alveolar distribution of inspired gas, but also by the extent 
of asynchronism of different parts of the lungs on expiration. The 
latter factor can be eliminated by scanning the lung after the in-
133 
spiration of a radioactive gas. Using Xe, Ball et al. (1962) found 
a slightly more equal distribution pattern of large inspiratory gas 
volumes compared with a normal tidal breath. Rehder et al. (1977) found 
no change between normal and deep inspirations in the upright position. 
Milic-Emili et al. (1966) found an almost even ventilation at 100% 
VC. We may conclude that the normally occurring inequality of venti-
lation does not increase after deep inspiration. 
Breath-holding causes a more even distribution of inspired gas (Fowler 
1952, Kjellmer et al. 1959, Mills and Harris 1965, Clarke et al. 1969). 
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This would be expected because more time is available for gas diffu-
sion through the airways, thus smoothing concentration differences. 
Many authors agree that an increase of the expiratory flow rate causes a 
more synchronous emptying of the lungs (Fowler 1949, Roos et al. 1955, 
Shephard 1956, Young et al. 1963, Clarke et al. 1969, Jones and Clarke 
1969, Jones et al. 1969, Hyatt et al. 1973). 
In this respect it should be remembered that airway resistance was 
assumed to have no influence on the distribution pattern of ventilation 
as proposed by Milic-Emili et al. (1966), because in their experiments 
respiration took place stepwise or at very low flow rates. Airway 
resistance, however, rises with increasing flow rates, and so it may 
become a jointly determining factor of the pattern of ventilation. 
This is especially the case during expiration when the airways are 
narrower than during inspiration. Since the lower parts of the lung 
ventilate better at low flow rates than the upper parts at lung volumes 
above FRC, and expiration from TLC becomes ever more even at increa-
sing flow rates, then the only conclusion can be drawn, that airway 
resistance increases more in the lower than in the upper parts of the 
lung at increasing expiratory flow rates. One explanation for this pheno-
menon could be that under the influence of gravity the lower parts of 
the lung are more compressed, and have consequently narrower airways 
(Glazier et al. 1966), so that airway resistance can play a greater 
role. Another possibility, mentioned by Jones et al. (1969), is that 
the lower compartments of the lungs lie nearer to the steep portion 
of the static compliance curve. Thus an increase of transpulmonary 
pressure causes a greater diminution of volume in the lower rather 
than in the upper airways. This in its turn causes a greater airway 
resistance in the lower airways, which at high flow rates may be im-
portant in changing the ventilation pattern. For our test it is, how-
ever, sufficient to ascertain that a high flow rate has shown to make 
expiration more synchronous. 
To recapitulate we may say that a test procedure with the subject sit-
ting upright, taking a near maximal inspiration, holding his breath for 
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about 10 seconds, and expiring rapidly, guarantees a ventilation 
pattern as even as it is possible to obtain. 
Where perfusion is concerned, it is a quite different matter : with 
the healthy subject sitting in the upright position at rest, the 
distribution of lung perfusion is far more unequal than in the supine 
position. This has been most clearly demonstrated by radioactive gas 
I?? 
studies of Ball et al. (1962) and Bryan et al. (1964) using Xe, and 
15 by West and Dollery (I960) and West (1963) using С O2. They confirmed 
what Orth as early as in 1387 suggested, that the distribution of 
lung perfusion, being a low pressure system, depends on gravity. 
Bryan et al. (1964) could demonstrate that, although perfusion of 
the apical and caudal parts of the lungs becomes more equal in the 
supine position, a front to back perfusion gradient remains demon­
strable. Hughes et al. (1968) showed that at FRC blood flow per unit 
lung volume increases from the apex to the middle third of the lungs, 
and decreases in the lower third. At TLC blood flow per unit lung volume 
increases also in the lower third of the lungs. So the distribution 
of perfusion is influenced by lung volume, being more uneven near TLC. 
To recapitulate we may assume that the distribution of the lung perfu­
sion with the healthy subject sitting in the upright position at rest, 
during taking a deep breath, is in contrast to ventilation as uneven as 
it is possible to obtain. We may conclude that in the healthy subject 
a marked inequality of the ventilation/perfusion ratio exists during 
the test, which is essentially due to the inequality of lung perfusion. 
What effect this fact has on the determination of the transfer factor 
and its subdivisions will be discussed in chapter VI. 
Breathing 100% 0^ may influence the distribution pattern of venti­
lation and perfusion, especially in alveoli with low V./Q ratios (< 0.5) 
(Dantzker et al. 1975). As the inspired 0^ concentration is increased 
the transfer of 0« into the blood also increases because alveolar P 0 
rises. A point may be reached at which the net transfer of gas into 
the blood from alveoli with low V./Q ratios exceeds the volume of 
gas inspired into these same alveoli, without alveolar collapse neces-
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sarily taking place. In this situation, the alveolus would not contri­
bute any more to the expirate, despite a continuing gas uptake. This 
effect is intensified because hypoxic vasoconstriction is being re-
leived by a rise of P. Q . Bryan et al. (1964) using a single breath 
radioactive gas scanning technique could, however, not find any change 
in the distribution pattern of ventilation and perfusion after 15 minu­
tes breathing 100% O^. Up to 15 seconds of breath-holding does not 
change perfusion (Fowler 1952, Crul 1976). A Valsalva manoeuvre 
performed against the closed valve during breath-holding will increase 
the intra-alveolar pressure and consequently accentuate the perfusion 
inequality. This must be avoided. 
Atthis point a misunderstanding should be cleared up. As we have seen 
in chapter II (equation 2.11) the transfer factor of a chemically 
reacting gas is determined by the diffusing capacity of the alveolar-
capillary membrane (Dm) and the alveolar capillary blood volume (Vc) 
but not by the pulmonary capillary blood flow (Q.). Yet, West and Dollery 
15 (1960) and West (1963) used the amount of С 0
o
 disappearing from the 
lungs during breath-holding as a measure for the pulmonary capillary 
blood flow. They seem, moreover, to be right, because their results 
agree reasonably well with those of Ball et al. (1962) and Bryan et 
133 
al. (1964), who used the inert gas Xe, whose transfer depends on the 
15 pulmonary capillary blood flow. West (1963) states that С O2 is so 
diffusible, that the gas is transferred from alveolar gas to alveolar 
capillary blood almost instantaneously. It then "rapidly forms bicar­
bonate because the presence of carbonic anhydrase , so that 
15 the blood has an enormous apparent capacity for С 09". If that were 
15 
true, the transfer of С O2 would not be dependent on blood flow. 
In the lungs, however, the 
i2o + co 2. · н 2со 3 F „ч« 3 H ?0  C0 7 'HpCO-i—'^НСО" + H + (4.14) 
equilibrium of the bicarbonate system (equation 4.14) has greatly 
shifted to the left, in the direction of the dissociation of bicar­
bonate into C0 2 and H 20 (Wright 1965, Visser 1964a) because : 
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1. CO2 disappears from the blood by diffusion into the alveolus; 
2. In the lung, hemoglobin takes up oxygen. Oxyhemoglobin is a much 
stronger acid than reduced hemoglobin, H ions are thus set free. 
3. The pH being altered, carbonic anhydrase stimulates the reaction 
H 2 C 0 3 * H 2 0 + C 02· 
15 
Physically С O2 has its own identity. After inhalation it will there­
fore follow its partial pressure gradient, and because it was not present 
in the body previously, it will diffuse readily across the alveolar-
15 
capillary membrane. Chemically С Op resembles COp and utilizes the 
same chemical pathways. As argued above, it is very unlikely that in 
15 the lungs an important amount of С 0« will be exchanged for C0 9 in 
15 bicarbonate. In other words, on inhalation С Op behaves more like a 
non-reacting inert gas. Farhi (1967) reached the same conclusion and 
pointed out that the wash-in and wash-out of Op and CO« follow in 
many respects the same rules as the inert gases. That is the reason 
15 
why С Op can be used to measure the pulmonary blood flow as opposed 
to other chemically reacting gases. 
How much gas must be expired before the dead space has been washed 
out completely ? 
The boundary between conducting and exchanging airways is not definite. 
Diffusion occurring at this boundary area obscures any sharp interface. 
Therefore dead space (defined as the volume of inspired gas which 
does not contribute to dilution of alveolar gas) is a function of 
time and hence of the type of respiration. On anatomical (Rohrer 1915), 
and radiological (Huizinga 1927) grounds dead space was expected to 
3 
increase in the adult by about 230 cm , as a result of widening of 
the airways, when inspiring from RV to TLC. However, Krogh and Lind-
hard (1917), Fowler (1948) and Shepard et al. (1957) using single 
3 
breath techniques found an increase of only 100 - 150 cm . Prolonga­
tion of the inspiratory time by only 2 seconds decreases dead space 
significantly (Fowler 1948), because more time is available for 
diffusion. An increase in the expiratory rate increases dead space 
(Herberg et al. I960), because less time is available for diffusion. 
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The anatomical increase of the dead space at large lung volumes will 
thus be counteracted by a prolonged inspiration. Dead space diminishes 
for the same reason significantly during breath-holding after a normal 
tidal inspiration, or after a maximal deep breath (Fowler 1948, Wagner 
et al. 1971). In both cases dead space declines to the same end value 
3 
of about 100 cm after 10 - 12 seconds of breath-holding (Herberg 
et al. I960). We therefore may conclude, that in our test, during 
which a nearly maximal inspiration is followed by about 10 seconds of 
breath-holding, dead space will always be smaller than during quiet 
breathing. According to Fowler (1948) the average dead space volume in 
3 3 
the sitting and resting male is 156 cm , and 104 cm in the female. 
3 
He determined that an average volume of 325 cm of gas is required 
to wash out dead space completely on expiration. In our test, the 
dead space of the subject is smaller because of the breath-holding, 
but to this must be added the dead space of the apparatus (about 
3 
25 cm ). Taking into account that the dead space varies with body 
size, and to be sure that the dead space has been washed out completely, 
the alveolar gas sample is taken after 600 тідтрс of gas has been 
expired. The volume of the sample itself also is 600 ml.Tp<-. The sample 
can be taken somewhat earlier in children. It may be necessary to 
take it later in very big subjects or in patients with uneven venti­
lation. If there is any doubt, that the wash-out of the dead space 
has been incomplete, a helium curve as suggested by Fowler (1948) 
should be performed simultaneously with the breath-holding test. This 
can be done quite easily, because helium has already been added to the 
inspiratory gas mixture. 
The back pressure of CO is determined after a period of breathing 
100% of oxygen. In order to get the actual values during the test, the 
following equation can be used (Forster 1957, Cotes 1968) : 
F
-v,C0,test = r ^ y e l ^ —
 X F
v,C0,rebreathing (4·15> 
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In our test procedure the interval between two successive determina­
tions of Τ „. is at least 5 minutes. According to Ogilvie et al. 
ν,air •* * 
(1957) an interval of 2 minutes is quite sufficient; on the one hand 
because after a breath-holding period every individual automatically 
takes a number of deep breaths, which accelerates the wash-out of He 
and CO from the lungs; on the other hands because the uptake of CO into 
the blood is so minimal, that the rise of COHb saturation can be 
neglected, unless (Cadigan et al. 1961) more than 10 - 12 consecutive 
observations are made. During the determination of Τ
 n
 the uptake of 
V ,Up 
CO into the blood is even less. For this reason and because in the 
patients opinion the period of breathing oxygen has already lasted 
long enough, the interval between Τ
 n
 tests has been shortened to 
4 minutes. The test is done first with the oxygen mixture to minimize the 
chance of disturbance of the following determinations by an increase 
of P-
 rn
. 
v,C0 
In equation (4.13) Hb is expressed as a fraction of normal. The Hb 
content of the blood can be measured in a venous or arterial blood sample 
in any of the usual ways. The venous blood sample must be obtained 
without the help of a tourniquet, otherwise an abnormally high Hb 
value will be obtained. Since the Hb content of the blood differs with 
age and sex, it is divided by the normal values given by Dittmer (1961) 
and Wintrobe (1961) in order to get the correct fraction of normal. 
We must, however, realize that the Hb content of the large vessels need 
not be the same as that of the capillaries. Gibson et al. (1964) measured 
the hematocrit of blood in the finer vessels in the lung of dogs and 
found a value about 23% less than in the larger vessels. In accepting 
the Hb content of the larger vessels, we may be overestimating the 
Hb content in the alveolar capillaries and thus underestimating the 
alveolar capillary blood volume by the same factor. 
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С. Apparatus. 
The apparatus has been made up of : 
1. The Resparameter Mark 4 of Morgan. The resparameter consists of 
a spirometer with kymograph connected with the subject either di­
rectly or indirectly via a bag-in-box system. The bag-in-box system 
contains 2 six-litre bags, which can be filled with the inspira­
tory gas mixtures, and two-litre bags for collection of alveolar 
gas samples. 
A computer controlled valve system connects the different parts 
automatically in a preset manner : 
- the volume of test gas inspired is adjustable from 0 to 6.9 
litre in 0.1 litre steps; 
- the dead space wash-out is adjustable from 0 to 0.8 litre in 
0.1 litre steps; 
- the volume of the alveolar gas sample is adjustable from 0 to 
0.8 litre in 0.1 litre steps; 
- three values for valve closure time are provided being 5, 10 
and 15 seconds. A digital display presents the effective breath-
holding time in seconds. 
A supplementary analysing unit contains : 
- a katapherometer calibrated for 15% He in air and 0.15% He in 
oxygen provided with a digital display; 
- a CO infra-red analyser calibrated for 0-1% and 0-3% full scale 
reading. 
This unit makes it possible to measure He and CO concentrations in 
the inspiratory gas mixture before the start of the test and in the 
alveolar gas samples after the test has been completed. The gas is 
moved along the analysing unit by a pumping mechanism. By means of 
stopcocks any connection can be chosen from any of the bags or 
air to the analysing unit. 
2. An oxygen meter (Teledyne Analytical Instruments) in order to mea­
sure the oxygen concentrations during the different parts of the 
test. 
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3. A second katapherometer (Godart) and a one-channel recorder 
(Gould) to be able to obtain a He wash-out curve during the 
single breath test, if necessary. 
4. A self-constructed extension of the Resparameter made up of a 
non-rebreathing system for the wash-out of 0« at the beginning 
of the test, and a rebreathing system consisting of a five-litre 
bag filled with oxygen and a CC^ absorber for the measurement of 
the CO back pressure. 
By this construction the subject can stay in the same place and 
in the same position for the whole course of the test, in contrast 
to Morgans set-up in which the subject has to move to the other 
side of the apparatus, the mouthpiece being at a different level. 
Our solution seems to be more practical. The price to be paid 
for this convenience is a slight increase of the dead space 
3 
(20 cm ), because a three-way stopcock had to be placed between 
the mouthpiece and the Resparameter. 
Figure 4.3. is a schematic illustration of the apparatus, figure 
4.4. shows how it looks in reality. 
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Figure 4.3. : Schematic representation of the apparatus 
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Figure 4.3. В : Wash-in of oxygen via the non-rebreathing system 
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Figure 4 . 3 . D : P a t i e n t connected with t h e i n s p i r a t i o n bag 1, 
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andvä i r ec t l y with the spi rometer 
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Figure 4 . 3 . E : P a t i e n t connected with t h e sampling bag 1, 
and i n d i r e c t l y with the spirometer 
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Figure 4.4. : The apparatus 
For explanation see text. 

V. STANDARD VALUES 
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Twenty-eight normal, healthy and adult subjects, nineteen women and 
nine men, a l l employees of the hosp i ta l , were studied f i r s t in order 
to establ ish the standard values of the t ransfer fac tor and i t s sub-
div is ions in our laboratory. Their physical character is t ics are given 
in tabel 5.1 and the resul ts of the measurements in table 5.2. 
Subject Sex Age Height Weight BSA 
(years) (m) (kg) 
VC % of FEV 1 Hb 
2 -1 
(m ) (!„„„„,) normal % VC (mraol.l ) STPD 
1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 
10 
11. 
12. 
13. 
14 
15. 
16. 
17 
10. 
19. 
20. 
21. 
22. 
23. 
24. 
25. 
26. 
27. 
28. 
I.H. 
I.V. 
A.U. 
I.W. 
W.K. 
A.C. 
L.V. 
B.W. 
W.D. 
V.C. 
H.V. 
A.V. 
W.W. 
H.W. 
H.M. 
M.M. 
G.T. 
J.L. 
W.B. 
H.W. 
I.S. 
M.S. 
A.G. 
G.K. 
S.P. 
F.W. 
E.H. 
H.K. 
f 
f 
f 
f 
f 
f 
f 
f 
f 
f 
m 
f 
m 
m, 
f 
f 
m 
m 
m 
m 
f 
f 
f 
f 
f 
m 
m 
f 
Table 5, 
29 
24 
34 
25 
25 
30 
34 
21 
45 
54 
33 
33 
28 
62 
27 
26 
23 
27 
31 
29 
22 
34 
28 
35 
28 
36 
30 
37 
.1 : Í 
1.60 
1.60 
1.63 
1.65 
1.72 
1.74 
1.75 
1.76 
1.60 
1.65 
1.74 
1.61 
1.86 
1.74 
1.63 
1.65 
1.87 
1.84 
1.83 
-
1.68 
1.83 
1.68 
1.64 
1.70 
1.83 
1.82 
1.65 
'hysical 
54.2 
63.0 
50.0 
55.3 
66.5 
67.0 
64.8 
63.0 
66.5 
72.5 
57.5 
60.0 
73.0 
74.5 
63.0 
52.5 
76.0 
83.0 
86.7 
-
53.8 
71.0 
61.0 
-
-
70.0 
88.0 
64.1 
1.56 
1.66 
1.52 
1.60 
1.78 
1.82 
1.70 
1.77 
1.70 
1.80 
1.70 
1.63 
1.97 
1.89 
1.68 
1.57 
2.01 
2.06 
2.10 
-
1.60 
1.92 
1.69 
-
-
1.91 
2.10 
1.70 
3.14 
3.26 
2.81 
3.49 
3.99 
3.49 
3.58 
3.60 
2.66 
3.20 
3.72 
3.12 
4.46 
3.53 
2.75 
3.02 
4.73 
4.96 
4.44 
4.77 
3.94 
3.72 
3.63 
3.24 
3.22 
4.51 
4.71 
2.95 
107 
111 
94 
П О 
119 
94 
101 
117 
99 
Н О 
103 
109 
92 
106 
90 
99 
96 
104 
100 
108 
119 
94 
113 
104 
99 
95 
107 
98 
characteristics of the normal 
87 
77 
79 
89 
86 
85 
92 
82 
74 
74 
80 
86 
79 
71 
83 
80 
83 
83 
82 
81 
91 
71 
89 
84 
83 
80 
72 
88 
sub 
8.7 
8.7 
7.8 
8.1 
-
8.6 
8.7 
8.4 
-
8.4 
-
8.4 
10.2 
8.7 
8.6 
7.8 
9.1 
8.7 
9.3 
-
8.5 
8.6 
8.5 
7.9 
9.0 
9.4 
9.5 
8.6 
jects 
BSA = body surface area, VC = vital capacity, FEV. = 
forced expiratory volume after one second. 
Sub]. A,02 
kPa 
v,air A,02 
kPa 
ν,Ο. 
Dm Dm Ve Ve A 
1STPD 
A 
%TLC 
-«J 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
lb 
17 
1Θ 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
mean 
SD 
SD % 
.1 
.9 
.0 
.7 
1 
.5 
.3 
.6 
114. 
115  
118  
131. 
1Θ6. 
144. 
158.4 
134.3 
107.3 
131.3 
142.2 
131. 
162  
167.8 
118.2 
143.2 
251.9 
182.3 
160.5 
195.0 
159.4 
130.4 
128.4 
136.9 
165.1 
180.5 
154.9 
124.3 
149.2 
31.1 
21.0 
16.2 
16.4 
14.7 
14.3 
15.2 
16.2 
15.7 
17.6 
16.2 
14.3 
16.4 
15.2 
15.7 
14.5 
15.2 
15.7 
16.6 
14.7 
16.9 
16.2 
14.7 
16.6 
15.0 
14.7 
16.6 
16.2 
15.2 
15.7 
0.9 
5.7 
35.1 
34.4 
34.0 
30.7 
42.2 
36.5 
37.θ 
33.4 
36. 
34. 
32. 
37. 
52.7 
53.2 
63.8 
56.6 
30.5 
36.8 
37.9 
37.4 
46.3 
35.4 
35.2 
37.0 
32.0 
28.6 
30.5 
36.6 
39.3 
31.5 
30.2 
39.2 
35.3 
3.9 
11.0 
80. 
64. 
82. 
70. 
50. 
61.8 
70.0 
65. 
86. 
85. 
54. 
73. 
116. 
90. 
86.2 
96.4 
86.6 
75.7 
63.6 
bS.l 
83.6 
82.5 
77.5 
65.9 
73.7 
15.3 
20.8 
82.2 
75.1 
74.1 
72.2 
76.5 
73.2 
82.2 
75.5 
79.3 
79.8 
81.7 
78.9 
79.8 
73.2 
65.6 
73.2 
80.3 
70.3 
75.1 
78.9 
72.2 
76.0 
74.6 
79.6 
78.9 
80.3 
81.2 
81.7 
76.9 
3.3 
4.3 
16.2 
15.8 
18.4 
13.2 
18.3 
16.2 
19.7 
17.5 
17.3 
16.1 
16.1 
18.6 
16.3 
18.7 
17.5 
19.2 
21.4 
17.5 
18.9 
18.3 
17.8 
16.6 
15.1 
17.4 
19.9 
14.4 
15.1 
20.8 
17.4 
1.9 
10.9 
193.1 
218.7 
170.4 
256.1 
357.2 
282.0 
2J0.9 
218.7 
180.5 
207.0 
225.8 
199.8 
234.5 
259.5 
180.0 
59.4 
64.9 
429.8 
331.1 
231. 
322. 
237. 
174. 
217. 
217. 
246.1 
322.6 
239.6 
178.5 
243.1 
62.4 
25.7 
6 
0 
,5 
.2 
.7 
.7 
49.1 
59.7 
81.0 
71.2 
55.1 
54. 
61. 
5J. 
51. 
56. 
44. 
56.9 
57.7 
79.0 
64.3 
50.8 
61.1 
47.7 
38.2 
51.7 
58.2 
58.6 
56.3 
46.7 
56.3 
57.3 
9.4 
16.4 
50.7 
45.5 
72.2 
48.9 
53.9 
90.1 
69.1 
61.8 
67.8 
90.9 
90.3 
59.6 
119.1 
83.9 
92.1 
89.1 
99.4 
58.5 
70.3 
82.3 
79.6 
82.6 
74.2 
75.3 
18.3 
24.3 
15.6 
13.5 
20.8 
11.4 
13.6 
21.5 
17.2 
16.1 
19.2 
U.l 
19.8 
19.1 
21.9 
16.J 
20.2 
17.9 
21.8 
13.9 
18.8 
19.6 
13.9 
16.1 
23.4 
17.8 
3.2 
18.0 
25 
37 
47 
29 
41 
96 
19 
02 
94 
84 
35 
53 
33 
56 
12 
83 
44 
15 
56 
27 
98 
56 
21 
74 
20 
73 
13 
17 
91 
94 
92 
96 
91 
97 
95 
95 
94 
99 
98 
94 
98 
87 
93 
93 
94 
93 
94 
95 
85 
98 
99 
91 
94 
99 
90 
89 
Table 5.2. : Values of the transfer factor and its subdivisions in 28 normal subjects. Τ 
are expressed in uraol.s .kPa ; 
ml; Vc in ml.1 
ν 
v,air 
Τ _ , Dm in umol.s .kPa .1 
v,02 ν 
Τ and Dm 
o 2 
Vc is expressed in 
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In our series the coefficient of variation for a single measurement on 
the same day in the same subject is 3.1% for Τ and 2.6% for Τ „ . 
v . a i r v
>
02 
This is in close agreement with the 2.6% v a r i a t i o n of Τ . i n the 
oil Γ 
study of Cadigan et al. (1961). If no special attention is given to the 
alveolar volume at which the breath is held, if the subject for example 
is asked to take a maximally deep breath without further practice or 
coaching, the variability of the test appears to be much greater: Cadigan 
et al. (1961) 10.7%, Ogilvie et al. (1957) 5.8% and Burrows et al. (1961) 
6%. 
In our laboratory the test was equally reproducible in patients as well 
as in normal subjects. Burrows et al. (1961) experienced the same thing 
in their series. 
In 48 subjects, randomly selected only on account of their different P-
 c o
, 
Τ has been calculated on the one hand taking P-
 c o
 into account, and on 
the other hand ignoring it. The difference between both values obtained, 
expressed as a percentage of the correct value of Τ , is called the per­
centage underestimation. 
In figure 5.1 the percentage underestimation has been plotted against 
P- pQ. As can be seen, an almost linear relationship exists between 
P-
 Cû and the percentage underestimation of Τ if P-
 c o
 is neglected. 
In our series, where P-
 c o
 has been taken into account, no distinction 
is made between smokers and non-smokers. Breathing air the CO back pressure 
almost never exceeds 0,005 kPa, which corresponds with an underestimation of 
Τ · of about 3%. When breathing high oxygen mixtures, P-
 c o
 will rise 
considerably causing - if neglected - much greater underestimations of 
Τ
 n
 , occasionally exceeding 10%. This degree of error is certainly not 
v»U2 
acceptable. 
As can be seen from the standard deviations in table 5.2, the least scat­
ter of values between different subjects occurs, if T, Dm and Vc are 
expressed per unit of alveolar gas volume. By doing so, the values obtained 
from different subjects can be compared directly to each other. This is 
illustrated in figure 5.2. This figure demonstrates clearly that almost 
linear correlations exist between on the one side Τ . , T
n
 , Dm and Vc, 
air ил 
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/о underestimation 
Οτ­
ι 1 1 ι 1 r-
0.005 0.010 0.015 0.020 0.025 0.030 0.035 
Pv.COÍkPa) 
Figure 5 . 1 . : % underes t imat ion of Τ by n e g l e c t i n g P-
For e x p l a n a t i o n see t e x t . 
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and on the other side V.. By taking in to account the alveolar gas volume 
during breath-holding, the mean standard values of the t ransfer factor 
and i t s subdivisions i n our series can be compared d i r e c t l y with those 
found by other authors (table 5.3). 
Of course differences in the t e s t procedure and i n the subsequent c a l ­
culat ions between the various authors had to be taken i n t o account i n 
t h i s table : 
1. The most frequent discrepancy to be found between the various authors 
appears to be in the breath-holding t ime. In 1961 Jones and Mead 
pointed out that the e f f e c t i v e breath-holding time lasts longer than 
the time during which the subject actual ly holds his breath, because 
on the a lveolar level the i n s p i r a t i o n and e x p i r a t i o n times also have 
to be taken i n t o considerat ion. When the breath-holding time of a 
subject is adjusted always to 10 seconds, the mean alveolar breath-
holding time appeared to be 11.9 seconds i n our normal ser ies. I f no 
allowance is made f o r t h i s di f ference in the t iming of the breath-holding 
period, the values of T, Dm and Vc w i l l be overestimated. So, i f no 
correct ion of the breath-holding time is made, the resul ts obtained 
by these authors were m u l t i p l i e d by a factor 10/11.9, assuming that a l l 
subjects in a l l the series were breathing i n the same manner. This is 
a reasonable assumption, because basical ly a l l the authors mentioned 
i n table 5.3 were t r y i n g to apply the same technique. 
2. Some authors do not mention the alveolar volume at which the measure­
ments were made. In these cases a normal value of TLC i s assumed 
(Cotes 1968), provided that height, weight and/or body surface area 
of the subjects studied were known. This is indicated by brackets in 
table 5.3. 
3. From the series of Ogi lv ie e t a l . (1957) three chi ldren have been excluded. 
4. Burrows e t a l . (1961) do not give the actual resul ts of t h e i r measure­
ments i n 137 normal subjects; they give only the regression equation 
derived from them, r e l a t i n g Τ ... and Τ
 a . to age. The values given 
a I r V,αϊr 
in table 5.3 have been calculated assuming an average age of 32 years, 
this being the mean age of the subjects in our series. 
Author 
Ogilvie et al. 
Ogilvie et al. 
Roughton and 
Forster 
Marks et al. 
Shephard 
Cadigan et al. 
Apthorp and 
Marshall 
Burrows et al. 
Haiacr 
Cotes et al. 
Cotes 
Wagner et al. 
Gurtner and 
Fowler 
present author 
mean 
SD 
SD % 
year 
1957 
1957 
1957 
1957 
1958 
1961 
1961 
1961 
1963 
1965 
196Θ 
1971 
1973 
1979 
-
-
-
η 
25 
5 
7 
12 
6 
14 
9 
(135) 
7 
127 
-
3 
3 
28 
-
-
-
азе 
37 
26 
-
27 
29 
28 
27 
(32) 
28 
J9 
(32) 
33 
29 
32 
-
-
-
ISTPD 
-
4.62 
-
4.69 
-
4.62 
(5.02) 
-
5.45 
(5.34) 
(4.66) 
5.52 
5.87 
4.24 
-
-
-
»TLC 
-
89 
-
-
-
95 
(95) 
-
92 
(95) 
(95) 
(95) 
97 
94 
-
-
_ 
air 
122.4 
140.6 
142.7 
141.6 
116.1 
140.5 
157.1 
118.0 
167.2 
177.4 
169.1 
195.3 
214.1 
149.2 
153.7 
28.7 
18.7 
τ 
ν .air 
-
30.4 
-
30.2 
-
30.4 
31.3 
26.0 
30.7 
33.4 
36.3 
35.4 
37.8 
35.3 
32.5 
3.6 
11.1 
ь
г 
-
-
-
-
-
-
-
-
99.9 
-
-
-
-
73.7 
-
-
_ 
^
г 
-
-
-
-
-
-
-
-
-
18.3 
-
-
-
-
17.4 
-
-
_ 
Dm Dm Ve Ve 
265.7 78.7 
268.3 49.3 74.0 13.6 
311.7 62.8 
295.9 63.5 75.0 16.2 
243.1 57.3 75.3 17.8 
276.9 58.2 75.8 15.9 
t,-3 child. 
t 
t 
t 
t 
t 
t 
t 
Table 5.3 : comparison of mean standard values of the CO single breath transfer factor and its sub­
divisions between various authors. For explanation see text. 
-•J 
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5. Cotes (1968) produced graphs relating Τ . to height and age. The 
value of Τ . given in table 5.3 has been derived from these graphs 
using the mean values for height and age in our series. Cotes (1968) 
assumes the normal value of Dm to be 1.5 - 2 times that of Τ . (in 
ai r x 
table 5.3: 1.75) and a normal value of Vc of 50-100 ml (in table 
5.3 : 75 ml). 
6. Wagner et al. (1971) are giving the values of TLC of their subjects 
studied, but not the actual alveolar volume at which the breath was 
held during the test. This value is supposed to equal 95% TLC. 
7. Finally, all values have been converted to Si-units. 
The rather surprising, yet gratifying result is the considerable amount 
of agreement discovered between the various authors, especially the mean 
values expressed per unit of alveolar gas volume. In our view this 
gives strong support to the opinion that T, Dm and Vc should be prefe­
rably expressed per unit of alveolar gas volume. Thus the results of 
different measurements - even if they are made in différèrent laborato-
ries - can be more easily compared to each other. This facilitates their 
interpretation considerably, thus enhancing their use. 
The 2-standard-deviation range is considered as the limit of normal 
(Burrows et al. 1961). Values between +1SD and -ISD are called normal. 
Values between + ISD and +2SD are called high normal, and values between 
-ISD and -2SD are called low normal. Values above +2SD and below -2SD 
are called high and low respectively. Table 5.4 summarizes the range of 
normal of Т
у a i r, T v Q , Dmv and Vc in our laboratory. 
Figure 5.3. shows the aistribution of the actual values within this range 
in histograms. 
low high 
low normal normal normal high 
τ 
Vjaxr 
v
'
0 2 
Dm 
V 
Vc 
V 
-2SD 
2 7 . 5 
13 .6 
3 8 . 5 
1 1 . 4 
-ISD 
3 1 . 4 
1 5 . 5 
4 7 . 9 
14 .6 
mean 
3 5 . 3 
17 .4 
5 7 . 3 
1 7 . θ 
+ 1SD 
3 9 . 2 
1 9 . 3 
6 6 . 7 
2 1 . 0 
+ 2SD 
4 3 . 1 
2 1 . 2 
7 6 . 1 
2 4 . 2 
Table 5.4 : Normal value range of Τ . , Τ , Dm (expressed in 
_1 _i _i v,air v,02 ν _1 
pmol.s .kPa .1 ) and Vc (expressed in ml.l ). 
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-2SD, -1SD,mean,+lS0,+2SD -2SD, -1SD, mean, +1SD, +2SD 
/imol.s-i.kPa-i.l-i 
-2SD, -1SD, mean,+1SD,+2SD 
umoLs-ikPa-"1.!-1 
-2SD. -1SD, mean, +1SD, +2SD 
io­
l i 13 15 17 19 21 23 25 
цто\. s-1.kPa-'.|-1 
6 9 12 15 18 21 24 27 
ml. I-i 
Figure 5.3. : Distribution of standard values of Τ . , Τ .Dm 
-, ,, v,air v,0„ ν 
and Vc . 2 
ν 
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Variations occurring with body size and sex. 
All authors who investigated this matter agree that a positive linear 
correlation exists between the transfer factor and body size. Many of 
them (among others Ogilvie et al. 1957, Burrows et al. 1961, Harks et 
al. 1957, Cotes and Hall 1969) present regression equations relating Τ . 
to either body surface are (BSA), height or weight in trying to predict 
normal values in individual cases. BSA is the most frequently used para­
meter in this respect because of its known correlation to Op consumption. 
The present series fully confirms the existence of these correlations. 
Moreover, positive linear correlations also appear to exist between TQ , 
Dm and Vc, and body size. In the tables 5.5, 5.6 and 5.7 the values of 
T-, · » T
n
 , Dm and Vc expressed per unit of BSA, height and weight are lis-
ai r Up 
ted. The figures 5.4, 5.5 and 5.6 are the graphical representations of 
these tables. The magnitude of the units of BSA, height and weight have 
been chosen in such a way that the values of T, Dm and Vc per unit of 
any of these parameters are of the same order as those per unit of alveo­
lar gas volume in table 5.2 and figure 5.2. In this way, not only arith­
metical comparison, but also direct visual comparison is possible between 
the different correlations, especially in establishing their accuracy in 
predicting normal values. 
It is clear that BSA, height and weight are less accurate parameters for 
predicting normal values of T, Dm and Vc than the alveolar gas volume 
during breath-holding. This view is further supported by calculating the 
standard deviations of the different correlations. This is not a very 
surprising finding because TLC itself is related to body size, while it 
has the great advantage over the other parameters of being a direct 
measure of exactly that organ in which T, Dm and Vc are involved. It 
should be stressed that the correlation of T, Dm and Vc to TLC is quite 
different from the correlation of T, Dm and Vc to the alveolar gas 
volume at which the breath is held in a single subject. It is impor­
tant to keep this in mind because, sometimes, these two matters are 
mixed up, for example (Shephard 1958) : "It does not seem very practical 
to correct Τ to a standard alveolar gas volume, since the shape of the 
curve relating the two variables differs in different subjects and at 
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least 20 observations would be required to establish the slope in any 
one subject". This remark of Shephard, however, only applies to submaxi­
mal inspirations; these are inspirations of less than 80% TLC. The influ­
ence of the depth of inspiration on the transfer factor and its subdivi­
sions will be discussed further on in this chapter. As will be shown 
there : if the breath is held at an alveolar volume of at least 80% TLC, 
as occurs in our test procedure, V. appears to be the most reliable 
parameter for predicting normal values of T, Dm and Vc. 
The difference between both sexes in relation to T, Dm and Vc appears 
to be no other than the difference in body size. This is in agreement 
with the findings of other investigators (Forster 1957, Ogilvie et al. 
1957, Cotes and Hall 1969). The only difference may be a different vari­
ation of the transfer factor that occurs with age, which will be discussed 
next. 
S u b j . 
1 
2 
3 
.4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
Τ 
B S A , a i r 
3 6 . 6 
3 4 . 9 
3 8 . 8 
3 6 . 9 
5 2 . 2 
3 9 . 7 
4 6 . 6 
3 7 . 9 
31 .6 
3 6 . 5 
4 1 . 8 
4 0 . 3 
4 1 . 3 
4 4 . 4 
3 5 . 2 
4 5 . 6 
Τ 
BSA ,0 2 
1 6 . 9 
1 6 . 0 
2 1 . 0 
1 7 . 7 
2 2 . 7 
1 7 . 6 
2 4 . 3 
19.9 
1 5 . 0 
1 7 . 2 
2 0 . 6 
2 0 . 2 
2 2 . 1 
2 2 . 6 
1 6 . 3 
2 3 . 4 
D n
w 
6 1 . 9 
6 5 . 9 
5 6 . 1 
8 0 . 0 
1 0 0 . 3 
7 7 . 5 
6 7 . 9 
6 1 . 8 
5 3 . 1 
5 7 . 5 
6 6 . 4 
6 1 . 3 
5 9 . 5 
6 8 . 7 
5 3 . 6 
-
Vc 
BSA 
1 6 . 3 
1 3 . 7 
2 3 . 8 
1 5 . 3 
-
1 4 . 8 
2 6 . 5 
1 9 . 5 
-
1 7 . 2 
-
2 0 . 8 
2 3 . 1 
2 3 . 9 
1 7 . 7 
-
S u b j . 
17 
18 
19 
20 
21 
22 
2 3 
24 
2 5 
26 
27 
2 8 
m e a n 
SD 
SD% 
Τ 
B S A , a i r 
6 2 . 7 
4 4 . 2 
3 8 . 2 
-
4 9 . 8 
3 4 . 0 
3 8 . 0 
-
-
4 7 . 3 
3 6 . 9 
3 6 . 6 
4 1 . 1 
6 . 8 
1 6 . 5 
T B S A , 0 2 
2 9 . 0 
2 1 . 9 
2 0 . 5 
-
2 7 . 7 
1 9 . 7 
1 8 . 8 
-
-
2 1 . 6 
1 8 . 5 
1 9 . 4 
2 0 . 4 
3 . 4 
1 6 . 7 
D i n BSA 
1 0 6 . 9 
8 0 . 4 
5 5 . 1 
-
7 4 . 5 
4 5 . 4 
6 4 . 4 
-
-
8 4 . 5 
5 7 . 0 
5 2 . 5 
6 7 . 2 
1 5 . 0 
2 2 . 3 
Vc 
BSA 
2 9 . 6 
2 0 . 4 
2 1 . 9 
-
2 7 . 8 
2 5 . 9 
1 7 . 3 
-
-
2 0 . 8 
1 9 . 7 
2 1 . 8 
2 0 . 8 
4 . 6 
2 2 . 1 
Table 5.5 : Τ . , Τ , Dra and Vc expressed per unit of body surface area 
(BSA). Unit of BSA = 0.5 m . 
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Sub j . 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
h, air 
35.7 
36.2 
36.2 
39.9 
54.1 
41.5 
45.3 
38.2 
33.5 
39.8 
40.9 
40.8 
43.7 
48.2 
36.3 
43.4 
Τ 
h,0 2 
16.5 
16.6 
19.6 
17.2 
23.5 
18.4 
23.6 
20.0 
15.9 
18.7 
20.1 
20.4 
23.4 
24.5 
16.7 
22.3 
η 
60.3 
68.3 
52.3 
77.6 
103.8 
81.0 
66.0 
62.1 
56.4 
62.7 
64.9 
62.0 
63.0 
74.6 
55.2 
-
V c h 
15.8 
14.2 
22.1 
14.8 
-
15.5 
25.7 
19.6 
-
18.7 
-
21.1 
24.4 
25.9 
18.3 
-
Subj. 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
mean 
SD 
SD% 
Τ 
h, air 
67.4 
49.5 
43.9 
-
47.4 
35.6 
38.2 
41.7 
48.6 
49.3 
42.6 
37.7 
42.8 
7.1 
16.6 
Τ 
h,0 2 
31.1 
24.5 
23.6 
-
26.4 
20.7 
18.9 
19.8 
24.6 
22.5 
21.3 
20.0 
21.1 
3.5 
16.6 
Ό \ 
114.9 
90.0 
63.3 
-
70.7 
47.6 
64.8 
66.4 
72.4 
88.1 
65.8 
54.1 
69.5 
15.5 
22.3 
V C h 
31.8 
22.8 
25.2 
-
26.5 
27.2 
17.4 
21.4 
24.2 
21.7 
22.7 
22.5 
21.7 
4.5 
20.7 
Table 5.6 : Τ . , Τ , Dm and Ve expressed per unit of body height. 
Unit of Height = 0.5 m. 
Subj . 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
Τ 
w, air 
36.8 
32.2 
41.3 
41.7 
49.0 
37.7 
42.8 
37.3 
28.2 
31.7 
43.3 
38.3 
39.0 
39.4 
32.8 
47.7 
w,0 2 
17.0 
14.8 
22.3 
17.9 
21.2 
16.8 
22.3 
19.6 
13.4 
14.9 
21.3 
19.2 
20.8 
20.0 
15.2 
24.5 
Dm 
w 
62.3 
60.8 
59.6 
81.0 
94.0 
73.7 
62.4 
60.8 
47.5 
50.0 
68.7 
58.3 
56.2 
61.0 
50.0 
-
Vc 
w 
16.4 
12.6 
25.3 
15.5 
-
14.1 
24.3 
19.2 
-
14.9 
-
19.8 
21.8 
21.2 
16.0 
-
Subj . 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
mean 
SD 
SD% 
Τ 
w,air 
58.0 
38.4 
32.4 
-
51.8 
32.1 
36.8 
-
-
45.1 
30.8 
33.9 
39.1 
7.2 
18.4 
w,0 2 
26.8 
19.0 
17.4 
-
28.8 
18.7 
18.2 
-
-
20.6 
15.4 
18.0 
19.4 
3.7 
19.1 
Dm 
w 
99.0 
69.8 
46.7 
-
77.3 
42.9 
62.5 
-
-
80.7 
47.6 
48.7 
63.4 
14.9 
23.5 
Vc 
w 
27.4 
17.7 
18.6 
-
29.0 
24.5 
16.8 
-
-
19.9 
16.4 
20.3 
19.6 
4.5 
23.0 
Table 5.7 : Τ ., Τ , Dm and Vc expressed per unit of body weight. 
Unit of body weight = 17.5 kg. 
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Figure 5.4. : Correlation of Τ . , Τ , Dm and Vc to body surface 
area. 
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Piqûre 5.5. : Correlation of Τ . , Τ , Dm and Ve to body height. 
^ air О 
87 
j<mols-'kPS-4 kg-1175) timol s-'kPa-M k g - 4 7 5 ) 
4 0 0 -
350' 
300 
250-
200 
150· 
100· 
5 0 -
'air D 
^w.air · 
9 * 
9 J 9 
9 9$ 8 9 9 
V 
* ·· -ι.·; '.: 
T T 
4 0 0 -
350-
300-
250-
200-
150-
100-
5 0 -
0 -
Dm 
Dm 
9 
• 
0 
*· 
9 
9 
9 
• 
• 
9 
9 
.· 
- Γ 
9 
9 
9 
À 
• 
• 
• · 
·· · 
(f 
<f 
<f 
cf 
9 
9 
• 
• 
• 
• • • 
é 
f* 
• 
• 
• 
1 
50 60 70 80 90 50 60 70 80 90 
; /mols-'kPa-'( kg-475) ml( kg-475) 
200 100-
75 
50 
25 
Ve o 
<ƒ<ƒ 
é é 
9 « 
9 9 
Sb 9 * 
*5 9 
·· · 
50 
- Γ
-
60 -г-70 80 90 
weight kg 
Figure 5.6. : Correlation of Τ . , Τ , Dm and Vc to body weight. 
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Variations occurring with age 
Krogh (1914), Ogilvie et al. (1957) and Forster (1957) could establish 
no correlation between Τ . and age. Cotes and Hall (1969), however, 
found a mean decrease of Τ . of 1.4 pmol.year" of age in adult males. 
αϊ Γ 1 
Burrows et al. (1961) found a decrease of 1.3 ymol.year" in males and 
a smaller decrease of 0.7 pmol.year in females, and suggested a sex 
difference in the manner of aging of the lung, possibly related to a 
greater tendency towards emphysema in the male. 
In our series of 28 normal adults, 21-62 years of age, we could f ind no 
influence of age on Τ . . or Dm. in the whole series or in nine males 
v, a ι r ν 
of this series if studied separately (fig. 5.7). Failure to recognize 
the effects of aging can be due to case selection (Burrows et al. 1961) : 
"Physiologically young persons would very likely be selected to represent 
the older age group in a study of strictly normal subjects; such persons 
might show only minimal effects of aging". 
Variations occurring with depth of inspiration, body position and 
exercise 
Krogh (1914) has already shown that the transfer factor varies with the 
depth of the inspiration. With breath-holding at increasing lung volumes 
she found only little change of Τ . until mean lung capacity had been 
θΠ Γ 
reached, but at larger lung volumes T.. increased considerably, i t s 
a ι r 
value at TLC being on the average 80% more than at FRC. Since then, 
using improved techniques many investigators have confirmed this phe­
nomenon (Marks et al. 1957, Shephard 1958, Marshall 1958, McGrath and 
Thomson 1961, Burrows et al. 1961, Apthorp and Marshall 1961, Cadigan 
et al. 1961, Hamer 1963, Cotes and Hall 1969, Gurtner and Fowler 1971). 
Only Forster et al. (1954a and b) and Ogilvie et al.(1957) found no 
significant increase of Τ . with increasing lung volumes. Forster, J
 air 
however, in his excellent review of 1957 had by then changed his mind. 
Although there appears to be agreement about the phenomenon itself, viz. 
the existence of a possible correlation between the depth of inspiration 
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Figure 5.7. : Correlation of Τ and Dm to age in 28 normal 
* , . v,air ν 
subjects. 
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and the value of the transfer factor, the amount of change as well as 
the changing pattern seem to be rather variable. As to the amount of 
change of Τ . with changing the lung volume the following percentages 
and figures are reported by the authors mentioned above (table 5.8). 
% change 
of Τ Change of V 
air 
Krogh (1914) 80 
Marks et al. (1957) 50 
Ogilvie et al. (1957) 9 
Shephard (1958) 100 
Marshall (1958) 24 
McGrath and Thomson (1959) 31 
Apthorp and Marshall (1961) 
Burrows et al. (1961) 
Cadigan et al. (1961) 47 
Hamer (1963) 29 
Cotes and Hall (1969) 
Gurtner and Fowler (1971) 21 
from FRC to TLC 
from FRC to TLC 
from 58% - 90% TLC 
from 58% - 100% TLC 
56% change of V 
from FRC to TLC 
affirms only the principle 
no personal figures; mentions an in­
crease of 11.6 mol.lSTPD-1. 
92% change of V 
53% - 99% TLC 
mean increase in literature : 
14.5 mol.lBTPS 
59% - 100% TLC 
Table 5.8 : Percentage change of Τ . with changing lung volume reported 
by various authors. 
Several factors may account for the variety of the percentages obtained 
by various authors regarding the change of Τ . with changing lung 
al г 
volume. Firstly, the V. interval between the measurements was not the 
same used by all authors. Some authors made their measurements only at 
lung volumes above mean lung capacity and thus may have failed to find 
the relatively constant Τ . at lower lung volumes found by Krogh (1914) 
αϊ г 
Secondly, even a similar proportional change of V. does not guarantee 
a similar absolute change of V., because in a small subject the same 
absolute change of V« means a greater proportional change than in a 
tall subject. A difference in case selection with regard to body size 
can therefore play a role. 
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Thirdly, as shown by Cadigan et al. (1961) different changing patterns 
of T
a
-iv. normally occur in different subjects. This is illustrated in 
Gl Γ 
fig. 5.8. So in this respect, case selection may also play a role. 
The low proportional change of Τ . with changing V. found by Ogilvie 
Oil r\ 
et al. (1957) may be explained by : 
- the relatively small change of V« in their subjects; 
- the relatively small lung volumes after the deeper inspiration; 
- the inclusion in their series of one subject whose transfer factor 
decreased at increasing lung volumes, which is not the usual finding. 
Had they excluded this latter subject and presuming maximal inspirations 
in the other subjects - the rate of increase of Τ . remaining stable -
air э 
they would have found an increase of Τ . of about 20%, which is more 
α 1 Г 
in agreement with other authors. 
Rather little is known about the correlations of the other parameters 
(T
n
 , Dm, Vc, Τ _., Τ
 n
 , Dm
w
 and Ve,,) to the depth of inspiration. 
Yet, in order to be able to understand the causes of the change of 
Τ,,·*, with changing V., it is important to know more about these corre­
al Г η 
lations. For this purpose we investigated another three normal sub­
jects. For convenience - many breath-holding tests had to be done in 
each subject - all three were members of the laboratory staff. Their 
physical characteristics are given in table 5.9. 
Subj. Sex Age Height Weight VC % of FEV 
(years) (!„„_) normal % VC 
STPD 
1. H.B. m 50 1.84 84 6.61 141 80 
2. N.G. m 38 1.65 67 5.20 125 79 
3. J.P. m 28 1.95 99 6.53 103 75 
Table 5.9 : Physical characteristics of three normal subjects studied 
in order to investigate the correlation of the transfer 
factor and its subdivisions to the depth of inspiration. 
VC = vital capacity, FEV. = forced expiratory volume after 
one second. 
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Figure 5 .8 . 
Variation of Τ . and Τ with the depth of inspira-
air v,air 
ration according to Cadigan et al. (1961, table 2). 
η = 14. 
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Altogether 78 measurements were made, 37 with the 18% oxygen mixture 
and 41 with the high oxygen mixture. All measurements in a single sub­
ject were made on the same day with sufficient time in between to 
prevent accumulation of a disturbing amount of CO in the blood. For the 
calculation of Dm
v
 and Vc at different lung volumes the results were 
arranged in such a way that V« in every set of values of Τ and 
л ν ja i г 
Τ Q never varied more than 0.35 Ιςτρη» o n t h e average 0.22 Ιςτρη· 
The f i n a l results are l i s t e d i n table 5.10. In f i g u r e 5.9 the resul ts 
are p l o t t e d against the alveolar volume during breath-holding expressed 
as i t s precentage of TLC. The same kind of i n v e s t i g a t i o n was done by 
Hamer (1963); his results are p l o t t e d i n the same way in f i g u r e 5.10. 
Subj 
1 
2 
3 
. Τ . 
air 
141.9 
142.0 
128.9 
150.3 
152.7 
170.2 
174.5 
112.7 
132.7 
125.7 
127.1 
140.3 
167.9 
185.4 
173.6 
177.6 
205.1 
Table 5.10 
Τ 
v,air 
39.1 
36.7 
30.7 
30.0 
28.6 
29.3 
28.7 
46.0 
45.3 
37.3 
35.3 
33.4 
46.0 
44.9 
36.1 
32.4 
33.9 
76.6 
76.2 
74.8 
87.2 
80.1 
86.0 
84.5 
68.6 
66.5 
60.2 
58.7 
63.0 
109.5 
97.1 
102.9 
84.9 
87.7 
T
 ~ v,0 2 
21.1 
19.7 
17.8 
17.4 
15.0 
14.8 
13.9 
28.0 
22.7 
17.8 
16.3 
15.0 
30.0 
23.5 
21.4 
15.5 
14.5 
Dm 
193.1 
194.2 
169.3 
198.9 
222.1 
263.8 
276.0 
190.6 
195.4 
194.4 
205.6 
252.4 
207.7 
268.0 
225.1 
284.4 
401.1 
Dm 
V 
53.2 
50.2 
40.3 
39.7 
41.6 
45.4 
45.4 
77.8 
66.7 
57.5 
57.1 
60.1 
56.9 
64.9 
46.8 
51.9 
66.3 
: Variation of the transfer factor 
Vc 
91.8 
90.6 
98.3 
112.2 
80.1 
87.2 
83.3 
73.3 
71.5 
62.2 
58.7 
57.1 
165.7 
104.5 
132.3 
83.3 
73.2 
Vc 
V 
VA VA 
(1 S T P D) (% TLC). 
25.3 
23.4 
23.2 
22.4 
16.5 
15.0 
13.7 
29.9 
24.4 
18.4 
16.3 
13.6 
45.3 
25.3 
27.5 
15.2 
12.1 
3.63 
3.87 
4.20 
5.01 
5.34 
5.81 
6.08 
2.45 
2.93 
3.38 
3.60 
4.20 
3.65 
4.13 
4.81 
5.48 
6.05 
58 
62 
69 
80 
86 
93 
98 
55 
65 
75 
81 
96 
57 
64 
74 
85 
94 
and its subdivisions with 
the depth of inspiration in three normal subjects. 
At first sight it is clear that there is considerable agreement between 
both figures. An overall rise of Τ . with increasing lung volume occurs 
αϊ г 
in both studies. Τ . rises on the average 18% in the present study and 
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re 5.9. : Variation of the transfer factor and its subdivisions 
with the depth of inspiration. Present investigation. 
η = 3. 
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Figure 5.10. : Variation of the transfer factor and its subdivis 
with the depth of inspiration according to Hamer 
tables 2 and 3). η = 7. 
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29% in the study of Hamer (1963) with mean increases of V. of 40% and 
46% respectively. In one of our subjects the increase of Τ . is only 
αϊ Γ 
9%; this is exactly the same small percentage as originally reported 
by Ogilvie et al. (1957). At a lung volume of about 80% TLC a sudden 
change takes place. Until 80% TLC, Τ . increases slightly, remains 
air 
constant, or even decreases a little. At larger lung volumes, however, 
Τ · increases more rapidly in most subjects. These types of curves 
correlate with those of Cadigan et al. (1961, see figure 5.8). 
In contrast to Τ . , T
n
 does not increase as the lung expands; on 
air u« 
the contrary, it rather shows an overall decrease. 
The behaviour of Dm is essentially the same as that of Τ . , albeit 
Dm changes much more as the lung expands. The mean overall increase 
of Dm is 60% in the present study and 84% in the study of Hamer (1963) 
for the same respective V» intervals as with Τ . . Also with Dm in 
most subjects a sudden change occurs at a lung volume of about 80% 
TLC. Above this lung volume , Dm increases much more than at lower 
lung volumes. In two of the seven subjects studied by Hamer (1963) the 
rise of Dm diminishes or is reversed at lung volumes above 80% TLC. 
The curve of Vc mirrors that of Dm in that Vc decreases as the lung ex­
pands, until at about 80% TLC its decrease suddenly diminishes, dis­
appears or even is reversed. The mean overall fall of Vc is 28% in 
the present study and 18% in that of Hamer (1963). 
According to equation (2.11) the value of Τ . is balanced by the values 
of Dm and Vc. Thus in so far as Τ . is concerned, we may say that at 
air J J 
low lung volumes the rise of Dm is counteracted by a decrease of Vc 
resulting in a relatively constant value of Τ . . Above 80% TLC the 3 J
 air 
fall of Vc suddenly gets less or is reversed, while Dm further in­
creases resulting in a rise of Τ . (Hamer 1963, Cotes and Hall 1969). 
air 
Τ« tends to decrease as the lung expands. Hamer (1963) assumes, that 
the increased alveolar oxygen tension produced by the inspiration of 
the oxygen mixture tends to reduce the transfer factor, so that chan­
ges due to variations in lung volume are obscured. More important is, 
however, the decrease of θ at higher oxygen pressures. 
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As Ve diminishes, 1/ с rises, thus increasing the influence of this 
factor on the value of T. So, at high oxygen pressures the fall of Vc 
as the lung expands, must weigh heavier in the bel ance between Dm 
and с, than when breathing air. This may lead to a slight increase 
or even a fall of T Q , when compared to the significant increase 
which occurs in Τ . as the lung expands. 
Theoretically, using the same gas. Dm can be altered only by changing 
' the thickness or area of both of the blood-gas interphase (Cadigan et 
al. 1961). Stretching and thereby thinning the alveolar-capillary mem­
brane has already been proposed by Krogh (1914) as a cause for the 
increase of the transfer factor as the lung expands. An increase of Dm may 
further occur by recruitment of alveoli which were previously closed, 
or by incorporation of additional tissue in the diffusion pathway as 
the alveolus expands (Hamer 1963). An increase of the diffusion area 
only makes sense if that area comes into contact with filled capilla­
ries. As has been said before in chapter I, functioning alveoli must 
be in contact with functioning capillaries. We have seen that initially 
Vc diminishes as the lung expands. This means that, at lung volumes 
below 80% TLC, recruitment of alveoli will not lead to any increase 
of Dm. Even if the capillaries in such freshly opened alveoli were 
functioning, the overall decrease of Vc indicates, that other capil­
laries elsewhere in the lungs have closed, thus nullifying the effect 
of the freshly opened alveoli on the diffusion area. Recruitment of 
previously closed alveoli can only be a possible cause for a rise of 
Dm, if at the same time Vc increases as well. This occurs in some 
subjects at lung volumes above 80% TLC. In theory, as the alveolus 
expands, incorporation of additional tissue in the diffusing pathway is 
possible even if Vc decreases. This is shown in figure 5.11. 
To be able to explain the distribution pattern of blood flow in the 
upright lung at rest after a maximal inspiration, and its changes with 
decreasing lung volume (see also chapter IV), West (1969) distinguished 
two functionally different types of vessels : 
1. intra-alveolar vessels, in direct contact with the alveolar-capillary 
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longitudinal 
transversal 
Figure 5.11 : Alveolus A increases in size on inspiration (II); 
At the same time capillary с is presumed to get 
narrower. Yet, diffusion area a gets larger. 
membrane and exposed directly to alveolar pressure (Рд)· 
2. extra-alveolar vessels, not exposed to alveolar pressure, but 
influenced by retraction forces of the lung parenchyma. 
ad 1. Intra-alveolar vessels. The capillaries in the lung are dis­
tensible till a transmural pressure of about 0.5 kPa has been 
reached. With a greater transmural pressure no further change 
in mean capillary width takes place (Glazier et al. 1969). Under 
the influence of gravity, blood entering the lungs will flow 
preferably to the lowermost parts of the lungs, thus establishing 
an intravascular hydrostatic pressure gradient down the lungs. 
So p-, the mean intracapillary pressure, increases from top to 
base of the lungs, while the pressure outside these vessels, 
p., remains constant - near atmospheric - throughout the lungs. 
Thus the alveolar capillary width will increase from top to 
base of the lungs. 
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Three different zones from top to bottom of the lungs can be 
distinguished in relation to alveolar capillary blood flow 
and alveolar capillary blood volume. 
Zone I. P C j a < PA. 
Ρ,- =1 ^ 5 the pressure existing in the alveolar capillaries at their 
с »a 
arterial sides. In this situation, the alveolar capillaries are 
collapsed. There is no blood flow and Vc is zero. Zone Î does not 
normally occur. In hypotensive states, however, or with increased 
intra-alveolar pressures occurring during a Valsalva manoeuvre 
or artificial ventilation, it may become a reality. 
Zone II. p c > a > p A > p C ) V. 
ρ Is the pressure existing in the alveolar capillaries at their 
С, V 
venous sides. In this zone capillary width, and flow rate are deter­
mined by the difference between ρ,. , and p.. Since p,. . increases 
с,a M с ,a 
down this zone, while p. remains constant, capillary width and 
flow rate both increase in the same direction. Thus alveolar capil­
lary blood volume (being the product of flow rate and diameter of 
the vessels) rises to an even greater extent than either Vc or 
flow rate down this zone. 
Zone III. p C ) a > p C ) V > p A. 
In this zone flow rate and capillary width are determined by the 
difference between p^ , and p^ . Since ρ,. , and p^ , both in-
c,a c,v c,d c,v 
crease to the same extent, no further increase of flow rate occurs 
down zone III; p- continues, however, to increase, as does the 
capillary width. Thus the alveolar capillary blood volume flow 
also continues to increase down this zone, albeit slower than 
in zone II, because in zone III - other things being stable - the 
increase of the alveolar capillary blood volume flow only depends 
on the increasing capillary width. 
Extra-alveolar vessels. The extra-alveolar vessels are exposed to 
much lower pressures than the intra-alveolar vessels. They are kept 
open by retraction forces of the lung parenchyma, and dilate as 
the lung expands. At high lung volumes their lumen is so wide that 
their resistance to blood flow is less than that of the intra­
alveolar vessels. At lower lung volumes the retraction forces of 
the lung parenchyma diminish and in consequence the extra-
alveolar vessels narrow. In that case their resistance to blood 
flow can become so great as to exceed the resistance of the intra­
alveolar vessels. This in its turn will decrease p„ . causing a 
С ju 
diminution of the intra-alveolar capillary width, flow rate and 
volume flow. 
In the upright lung at FRC, the alveoli at the base of the lung 
are less well expanded than at the apex (Milic-Emili et al. 1966, 
Glazier et al. 1966). Consequently the resistance to blood flow 
of the extra-alveolar vessels is greater at the base of the lung 
than at the apex. This can very well explain the relative de­
crease of blood flow at the base of the lung at FRC as described 
by Hughes et al (1968). This is also known as zone IV of West. 
Two opposing factors influence Vc as the lung expands : 
1. Since the intra-thoracic pressure is becoming more negative as the 
lung expands, more blood flows back to the right heart. This is sub­
sequently pumped into the lungs and tends to increase the pulmonary 
intravascular pressure, and thus Vc. 
2. The extra-alveolar vessels widen continually as the lungs expands, 
causing a shift of blood from the intra-alveolar vessels into the 
extra-alveolar vessels. Since in our test only the intra-alveolar 
blood volume is determined, Vc tends to diminish. It would seem, if 
we analyse figures 5.9 and 5.10, that the shifting of blood from the 
intra-alveolar to the extra-alveolar vessels, which tends to lower 
Vc, dominates till about 80% TLC is reached. At this point probably, 
the extra-alveolar vessels reach their limit of expansion, so that 
a further increase of cardiac output may result in an increase of Vc. 
In some subjects, however, Vc continues to decrease at lung volumes 
above 80% TLC. 
The increase of Vc half-way up the curves of two subjects in figure 
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5.9 may be due to a Müller manoeuvre during the breath-holding 
period when the airway valve has been closed. A Müller manoeuvre 
causes the intra-thoracic pressure to become still more negative 
without changing the lung volume, thus increasing further the venous 
return to the heart and the concomitant cardiac output into the 
pulmonary circulation, resulting in an increase of Vc. 
Cadigan et al. (1961) were able to show an almost linear relation-
ship between peak negative intra-thoracic (oesophageal) pressure re-
quired for rapid inspiration of various lung volumes and the resul-
ting Τ . . On the other hand, a Valsalva manoeuvre should be expec-
ai r 
ted to lower Vc, and thus T . . Indeed this has been shown to 
α 1 г 
occur by Ogilvie et al. (1957). In the supine position the hydrosta­
tic pressure gradient down the lung is almost eliminated. During 
excercise cardiac output increases, so that when the pulmonary 
arterial pressure increases the hydrostatic pressure gradient is 
overcome. The pulmonary vascular bed is as a consequence better 
filled and perfusion is distributed more equally throughout the lungs. 
These are the conditions where one would expect an increase in the 
transfer factor. Indeed this has been established by many investi­
gators, not only with the single breath technique, but also with 
other methods (Forster 1957, Ogilvie et al. 1957, Cadigan et al. 
1961, Gurtner and Fowler 1971). 
Gurtner and Fowler (1971) showed that in the supine position, at 
rest and during exercise, and in the erect position during excer­
cise, Τ . becomes exclusively a function of lung volume. In these 
conditions at a given lung volume, Τ . is unaffected by major 
air 
changes in cardiac output. This can only mean that in these conditions 
the alveolar capillaries are always completely filled with blood. In 
these conditions Vc is therefore equally distributed throughout 
the lungs. 
We have found nowhere in the literature any attention being paid 
to what happens to Τ . , Τ
 0 , Dm and Vc as the lung expands. 
Τ . . As can be seen from figures 5.9 and 5.10, Τ . tends to 
decrease as the lung expands up to a lung volume of about 80% TLC. 
Above this lung volume Τ ,. remains relatively constant. This 
v . a i r 
means that i n i t i a l l y V. increases faster than Τ . ι above 80% TLC 
ft β ι Ρ 
Τ,,·,» increases in proportion to the increase of V«. air r A 
Τ Q . The same thing happens essentially to Τ « . 
Dm . The behaviour of Dm is more uncertain. In most subjects an 
initial fall of Dm occurs, but this fall is relatively less than 
in the case of Τ ,.. Above 80% TLC Dm,, even increases a little 
v,air ν 
in some subjects. The overall change of Dm over the whole course 
of lung volume change is less than that of T
>( . . This means that 
Dm increases more in proportion to the increase of V.. We may not 
conclude therefore, that Dm increases principally by recruitment 
of previously closed alveoli (Hamer 1963). This would only apply 
if freshly opened alveoli were also to be perfused. This is unlikely 
to be the case, because Vc has been shown to decrease as the lung 
expands. When all capillaries are completely filled with blood, 
such as happens in the supine position and during excercise, Gurtner 
and Fowler (1971) showed that Dm increases proportionally more 
than V.. This means that not only recruitment of alveoli, but also 
other mechanisms, such as stretching and thinning of the alveolar-
capillary membrane, contribute to the increase of Dm as the lung 
expands. 
Vc
w
. Vc.. - just as Τ _. - decreases up to a lung volume of about 
V V V jo Ι Γ 
80% TLC. Above this lung volume it becomes more constant. Further­
more the scatl 
less near TLC. 
more the scatter of values of Vc between different subjects becomes 
We may conclude : 
- that the values of Τ . , Τ
 n
 , Dm and Vc are relatively con-
VjOl( V j υ« V V 
stant as opposed to their total lung values, when determined at 
a lung volume between 80% and 100% TLC. 
- that within this lung volume range, errors in the calculations 
of Dm and Vc caused by differences in lung volume at which the 
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breath was held during the four necessary subsequent breath-
holding tests, are almost eliminated. This leads to much more 
reliable results. 
- In our opinion Τ ,. , Τ
 n
 , Dm,, and Vc are the more reliable 
V juIГ V »Uo ν V 
parameters for use in clinical practice, as opposed to total 
lung values. 
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VI. INFLUENCE OF DISTRIBUTION INEQUALITIES 
We have demonstrated, that during a single breath manoeuvre, venti­
lation is as even and perfusion is as uneven as it is possible to 
obtain, the base of the lung being better perfused than its top. 
We further have shown that Vc also increases along a vertical gra­
dient, though the gradient of Vc (especially in zone II) is expected 
to be less steep than the perfusion gradient. As a consequence, the 
ratio T/V., which is really Τ , increases from top to bottom of the 
lungs (Hyde et al. 1967, Anderson and Shephard 1969, Gurtner and 
Fowler 1971, Cuomo et al. 1973). We must now face the reality of a 
normally uneven lung i.e. with regard to the distribution of Τ , 
and discuss which consequences this has on the determination of the 
transfer factor and its subdivisions. 
When deriving equation 3.4 and 4.4, it was assumed that the disap­
pearance of CO from the alveolar gas volume was a simple exponential 
process, which meant that the rate of disappearance of CO from the 
alveoli was supposed to be uniform throughout the lungs. If this were 
so, the logarithm of F.
 c 0 plotted against the time of breath-holding 
would follow a straight line. Forster et al. (1954a) were the first to 
show an alinear decay curve of the logarithm of F.
 c o
, the initial 
slope of the curve being 2.5 times steeper than that occurring between 
40 and 60 seconds of breath-holding, even when correction was allowed 
for the backpressure of CO (P-
 c 0 ) . They concluded that the rate of 
disappearance of CO from the alveoli was apparently not uniform through­
out the lungs. Marshall (1958) and Cadigan et al. (1961) rejected this 
opinion. Marshall (1958) studied two subjects. In one subject F.
 c o 
was found to fall exponentially with time up to the limit of breath-
holding (45 seconds). In the second subject the fall of F.
 r 0 usually 
deviated from the straight line at about 25 seconds of breath-holding. 
He explained this deviation by assuming an error in the calculation of 
Ρ- ρ« caused by recirculation of the blood. It would seem more logical 
to assume such an error in the first subject, who held his breath for 
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45 seconds. We cannot agree with Marshalls conclusion based only on 
results obtained in the first subject, that the transfer factor is 
normally distributed equally throughout the lungs. Cadigan et al. 
(1961) assumed that the effective CO back pressure during CO uptake, 
despite any variation in the breath-holding period, equalled exactly 
that value which would result in an exponential decay curve of F.
 c o
. 
They argued that there was proof of a uniform rate of disappearance of 
CO throughout the lungs. In our opinion this is an incorrect line of 
argument. 
Wagner et al. (1971) demonstrated, using a different method, an uneven 
18 distribution of Τ throughout the lungs. С 0 and argon were inspired 
simultaneously, and after a period of breath-holding the expiration 
curves of these gases, plotted against time, were studied with the help 
of a mass spectrograph. On inspiration from residual volume the common dead 
space gas will be taken up almost exclusively by the uppermost parts 
of the lungs (see also chapter IV). Thus after full inspiration the 
18 
top of the lungs have received less argon and С 0-containing gas than 
the other parts. At the start of the breath-holding the concentration 
18 
of argon and С 0 will be less in the uppermost parts of the lungs than 
in the lower parts. Since argon - just as helium - is relatively inso­
luble, the expired concentration will be much the same as the initial 
value. Consequently, at the end of the subsequent expiration, Fr * will 
fall. F E r^o'
 , 1 0 w e v e r
» appeared to rise at the end of expiration. 
Wagner et al. (1971) concluded : "This means that F.
 c 0 falls more rapid­
ly in the lower zones than in the upper zone, and implies that the 
T/V. ratio in the upper zone is less than in the lower zones". 
Gurtner and Fowler (1971) once more showed the non-linearity of the decay 
curve of the logarithm of F.
 c 0 in the erect position with the subject 
at rest. In the supine position at rest and during excercise, and in 
the erect position during excercise, the semilog plot of F.
 c 0 followed, 
however, a straight line. We have already seen (chapter V) that in the 
latter situations the alveolar capillary bed has become completely filled 
with blood, and Vc is equally distributed throughout the lungs. We may 
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therefore conclude that the unequal distribution of Vc throughout the 
lungs in the erect position at rest (this being the position in which 
we conduct our test) is the principal cause of the unequal distribution 
of Τ throughout the lungs. We have now gathered all the data required 
to describe a lung model which possesses all essential properties of 
the real lung regarding the single breath method for determining the 
transfer factor (table 6.1). Such a model is very helpful in demon­
strating the effects of various kinds of distribution inequalities. 
A. Normal lung model 
F 10% 
I, He 
I,co 
0.25% ^ 
P. „ 15.2 kPa 
A,02 
- 4.4%.s -1 
- 11.0%.s -1 
Ρ 76 kPa 
А,02 
- 2.2%.s 
- 5.5%.s 
-1 
Τ 
ν,air 
τ
 ~ 
n
V
' 2 Dm 
ν 
VC 
ν 
Table 6.1. 
Ά 
21.1 
10.4 
33.0 
9.9 
TRUE VALUES 
: Values 
В 
54.7 
26.5 
89.9 
24.8 
of Τ 
mean 
37.9 
18.5 
61.5 
17.4 
. . τ , 
expi 
„ , Dm 
APPARENT VALUES 
.ratory flow ratio A/B 
and 
1/1 
35.0 
17.9 
53.4 
17.7 
Ve in a normal lung 
model (description see text) calculated for the two 
compartments separately, the true mean values, and the 
apparent values obtained by applying the test procedure 
and formulas as decribed in chapter IV to the model. 
De lung model shown in table 6.1. has been built up in the following way 
1. The model is supposed to consist of an apical compartment A and a 
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basal compartment В, both with a maximal volume of 2000 ml. 
2. Ventilation is supposed to be as even as possible. Since during 
inspiration from residual volume the common dead space gas flows 
almost entirely into apical compartment A, the basal compartment 
В becomes the better ventilated compartment after full inspiration. 
As we are only interested in the alveolar ventilation with fresh gas, 
the model has been simplified to two separate compartments without 
common or individual dead spaces. The following figures are presumed : 
FRCA = 500 ml, FRCg = 400 ml, Т Д = 1500 ml, VTg = 1600 ml. 
3. The inspired He and CO concentrations are presumed to be 10% and 
0.25% respectively. 
4. Since the alveolar capillaries are wider in the basal than in the 
apical compartment, CO disappears faster from the base than from the 
top. The following figures are presumed : 
low oxygen mixture high oxygen micture 
PA,0 ? =
 1 5
·
2 k P a PA,0 ? =
 7 б k P a 
-1 -1 
compartment A - 4.4%.s - 2.2%.s 
compartment В - 11.0%.s" - 5.5%.s 
5. The effective alveolar breath-holding time is presumed to be 11.9 
seconds. 
6. Both compartments are presumed to contribute equal gas volumes to 
the expirate at the time of sampling. 
7. The Hb content of the blood is presumed to be normal. 
8. The plasma CO pressure is presumed to be zero during the whole course 
of CO uptake. 
We have now all the data required to calculate the values of Τ . . 
V »αϊ Γ 
Τ
 n
 , Dm and Vc of the model (table 6.1.). The apparent values ob-
V »Up ν V 
tained by applying the single breath procedure to the model, are all in 
agreement with the normal values given in table 5.4. However, as we 
can see from table 6.1., the apparent values are less than the true mean 
values of the model. This is in accordance with the findings of Visser 
and Maas (1959). The reason for this underestimation will be discussed in 
the next section. 
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According to Piiper and Sikand (1966), the behaviour of an uneven lung 
model in a single breath test is determined by three parameters : 
1. The relative contribution of a given compartment to the total expi­
ratory flow at the time of sampling, that is the expiratory volume 
flow ratio ( V / V J . 
χ y 
2. The dilution factor of a given compartment for inspired CO 
<
VT.x'Vx>· 
3. The rate of disappearance of CO from a given compartment (T /V. = 
A rt j A 
T
v
> X>· 
We would like to add a fourth factor : 
4. The breath-holding time. 
Naturally the lung model and the values of Τ . , Τ
 n
 , Dm
w
 and Vc 
Vyair V,UQ ν ν 
derived from it in the various situations to be described, can only 
serve as an illustration of the far more complicated situation occurring 
in the real lung. The general conclusions derived from it apply, how­
ever, to both. 
B. Influence of the time of breath-holding. 
The rate of disappearance of CO from compartment A of the model is less 
than that from compartment B. As a consequence, with the passage of 
time, FpQ . rises in proportion to F-Q „, thus increasing the weight of 
compartment A in the expirate. So we may expect the apparent values of 
the transfer factor to decrease by lengthening the breath-holding time. 
Indeed, as shown in table 6.2., this occurs in the model. The same has 
been shown to occur in vivo by Ogilvie et al. (1957), Marks et al. 
(1957), Forster (1957), Sikand and Piiper (1966) and Anderson and Shep-
hard (1969). 
We may conclude that the duration of the time during which the breath 
is held - besides disregarding Ρ
 c o
 during the uptake of CO - is another 
important factor causing a systematic underestimation of the transfer 
factor in the normally uneven lung. It stresses the necessity for stan­
dardizing the breath-holding time. 
по 
APPARENT VALUES TRUE VALUES 
breath-holding
 2 0 
time ( s) 
Τ 
v , a i r 
v , 0 2 
ESn 
V 
Vc 
V 
38.1 
18.6 
61.6 
17.5 
35.5 
18.0 
54.6 
17.7 
35.0 
17.9 
53.4 
17.7 
32.8 
17.4 
48.2 
17.9 
37.9 
18.5 
61.5 
17.4 
Table 6.2. : Influence of the time of breath-holding on the apparent 
values of Τ . , Τ , Dm and Ve in the normal lung 
v,air v,0„ ν ν 
model. Expiratory flow ratio A/B = 1/1. 
In the normal series discussed in the preceding chapter, the mean 
breath-holding time is 11.9 seconds, with a standard deviat ion of 
0.3 seconds (2.5%). In any subject the breath-holding time varied by 
0.1 - 1.1 seconds, with a mean v a r i a t i o n of 0.4 seconds. This causes 
n e g l i g i b l e v a r i a t i o n i n the apparent values of the t ransfer f a c t o r . 
С Influence of the expiratory flow r a t i o (V /Ϋ ). 
χ у 
If the expiratory flow from a compartment increases in proportion to 
the expiratory flow from another compartment, its relative contribution 
to the alveolar gas sample increases, as does its influence on the 
determinations. For example, an increase of the expiratory flow from 
the apical lung compartments will result in a decrease of the trans­
fer factor. 
If the expiratory flow from a compartment decreases in proportion to 
the expiratory flow from another compartment, its relative contribu­
tion to the alveolar gas sample decreases, as does its influence on 
the determinations. For example, a decrease of the expiratory flow 
from the apical lung compartments will result in an increase of the 
transfer factor. 
Table 6.3. illustrates this phenomenon with the help of the lung model. 
Ill 
TRUE VALUES APPARENT VALUES 
expiratory flow ratio A/B 
1/2 1/1 2/1 
v,air 
ν,Ο, 
Dm 
Vc 
ν 
37.9 
18.5 
61.5 
17.4 
4 0 . 5 
2 0 . 7 
6 2 . 3 
2 0 . 3 
3 5 . 0 
17 .9 
5 3 . 4 
17.7 
2 9 . 9 
15.4 
4 5 . 4 
15.2 
Table 6.3. : Influence of the expiratory flow ratio (V /V ) at the time 
of sampling on the apparent values of Τ . , Τ
 л
 , Dm 
ν,air ν,Ο ν 
and Vc in the normal lung model. 2 
ν 
D. Influence of the dilution factor (VT /V. ). 
If any lung compartment becomes underventilated - other parameters 
remaining stable - then F.0 c 0 and F.. _0 will decrease in this com­
partment. It thus will have less influence on the determination of 
the transfer factor. 
F 10% 
I, He 
F 0.25% I,CO 
4 
ГЧ -
 1 0 0 0 1 
0d\ 400 \ 
ñ 
А,О, 
- 4.4%.s 
15.2 кРа 
-1 
А,О, 
- 2.2%.s 
76 кРа 
-1 
- 11.0%.s -1 5.5%.s -1 
TRUE VALUES 
Table 6.4. 
1/2 
APPARENT VALUES 
expiratory flow ratio А/В 
1/1.5 1/1 1.5/1 2/1 
Τ 
ν , a i r 
ν , 0 2 
Dm 
ν 
Vc 
ν 
3 7 . 9 
18.5 
6 1 . 5 
17.4 
4 3 . 7 
2 2 . 0 
6 8 . 1 
2 1 . 4 
4 1 . 5 
2 0 . 9 
6 4 . 7 
2 0 . 3 
38 .2 
1 9 . 5 
5 8 . 9 
19 .1 
3 5 . 0 
17.9 
5 3 . 4 
17.7 
3 2 . 7 
16 .8 
4 9 . 6 
16.7 
obstruction decreased 
or increased compliance 
compliance 
Influence of underventilation of the apical compartment A 
of the lung model on the apparent values of Τ , 
Dm and Vc at different expiratory flow ratios I 
ν ν 
ν,Ο, 
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If underventilation is caused by airway obstruction or by increased 
lung compliance, then this compartment will empty more slowly (Otis 
et al. 1956) and for this reason its influence on the determination 
of the transfer factor will diminish further. If, on the contrary, 
underventilation is caused by a diminished lung compliance, then this 
compartment will empty faster, thus nullifying the effect of under­
ventilation. Table 6.4. illustrates this phenomenon, presuming under­
ventilation of the apical compartment in the lung model. 
E. Influence of the rate of disappearance of CO (т
х
/ д
 x
)· 
If the rate of disappearance of CO from any lung compartment diminis-
hes.thenp. -0 will increase in this compartment. It thus will have 
more influence on the determination of the transfer factor. 
A decrease of the rate of gas transfer in those parts of the lungs 
which already have worse diffusion characteristics - usually the 
upper parts of the lungs - will lead to an even greater underesti­
mation of the transfer factor than normally is the case. 
F 10% 
I,He 
^ ™ 0.25% I,CO 
A,0, 
- 2.75%.s 
- 11.0%.s"1 
15.2 kPa 
-1 
А,О, 
- 1.7%.s 
76 kPa 
-1 
- 5.5%.s -1 
TRUE VALUES 
mean 
APPARENT VALUES 
expiratory flow ratio А/В 
1/1 
Τ 
ν , a i r 
τ
 π 
ν , 0 2 
Dm 
ν 
Ve 
ν 
13.1 
Θ.Ο 
16.6 
9 . 9 
5 4 . 7 
2 6 . 5 
8 9 . 9 
2 4 . 8 
3 3 . 9 
1 7 . 3 
5 3 . 2 
17.4 
2 9 . 3 
16 .6 
4 0 . 4 
18.4 
Table 6.5a. : Effect of a 50% decrease of Dm .in the lung model on the 
v A true and apparent values of Τ '. , Τ
 л
 Dm and Ve . 
ν,air ν,О , ν ν 
F_ 10% I, He 
F 0.25% 
I,CO 
Ρ, „ 15.2 кРа A,02 
-1 4.4%.s 
- 7.03%.s 
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P. „ 76 кРа A,02 
- 2.2%.s -1 
4.31%.s -1 
TRUE VALUES 
A В mean 
APPARENT VALUES 
expiratory flow ratio А/В 
1/1 
τ 
ν , a i r 
τ
 ~ 
η " '
 2 
Dm 
ν 
Ve 
ν 
2 1 . 1 
10.4 
3 3 . 0 
9 . 9 
34.2 
2 0 . 7 
4 5 . 0 
2 4 . 8 
2 7 . 7 
1 5 . 6 
3 9 . 1 
17 .4 
2 7 . 3 
15.4 
3 7 . 9 
16.9 
Table 6.5b. : Effect of a 50% decrease of Dm in the lung model of the 
true and apparent values of Τ '. , Τ ,Dra and Ve . 
ν,air ν,09 ν ν 
A decrease of the rate of gas transfer in those parts of the lungs 
which have better diffusion characteristics - usually the lower parts 
of the lungs - will lead to a more equal distribution of Τ throughout 
the lungs, and thus to a more reliable, albeit decreased, apparent 
value of the transfer factor. 
The tables 6.5a. and 6.5b. illustrate this phenomenon, presuming a 
50% reduction in Dm . and Dm „ respectively. 
V jrt V jD 
With the single breath method for determining the transfer factor, 
gas uptake occurs during a period of breath-holding. This means that 
the process of gas transfer depends - in theory - only on the T/V. 
ratio, and is independent of ventilation (Visser 1964b). In practice 
we must, however, rely on alveolar gas samples. If the T/V» ratio 
is uniform throughout the lungs, then the factor (Fj rn x F F н ^ 
^ Е CO x ^І He^ i n ^ ^ t i 0 1 1 (4-6) is constant, even in case of uneven 
ventilation. In this case - at a given lung volume - the transfer 
factor itself is a constant and is independent of the ventilation 
pattern. The Т/
 д
 ratio is, however, normally not distributed uni-
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formly throughout the lungs. Then the factor mentioned above is no 
longer a constant and is dependent, as is the transfer factor, on 
the ventilation pattern. 
APPLICATION IN CARDIO-VASCULAR DISEASE 
tients suffering from disease related to the cardio-vascular sys-
ere studied. Their physiological data and diagnoses are given in 
7.1. The diagnosis was confirmed in every case by cardiac cathe-
ation and at operation. The results of the determination of gas 
fer are given in table 7.2. In all patients, except in group IV, 
etermi nati ons were done within seven days prior to operation; that 
fter conservative therapy for left heart failure and pulmonary 
stion had been initiated. None of the patients studied showed 
r signs of obstructive lung disease caused by primary bronchial 
se, or signs of uneven ventilation. Before discussing the results 
11 first determine - on the basis of the normal lung model descri-
n the preceding chapter - what sort of changes of Τ , Dm and Vc 
e expected to occur in cardio-vascular disease. According to the 
of Karp et al. (1968) and Burgess (1974) the changes in gas trans-
iccurring in cardio-vascular disease can be ascribed to : 
tflow obstruction 
icreased flow 
iflow obstruction of the alveolar capillary system. 
ow obstruction of the alveolar capillary system in, for example, 
irdial disease, aortic or mitral valve disease, will lead initially 
ι increase of the transmural capillary pressure. As a consequence, 
ously closed capillaries will open, and already open capillaries 
dilate. This situation can thus be considered as to cause an in-
,e of zone III of West (1969), see page 99. It will result in an 
iase of Vc
v
, Dm
v
 and T
v
 (Bucci and Cook 1961, Yuba 1971). 
A1 
£ 
Π 
=x<< 
Subject Sex Age VC * of FEVl V » of Hb 
(years) (1STPD) normal » VC (1STPD) TLC (mmol.l" ) 
λ. 
GROUP I. 
1. 1 
2 
3 
4 
5 
6a 
b 
7 
β 
9 
10a 
b 
11 
12a 
b 
13a 
b 
14a 
b 
15 
16 
17a 
b 
с 
d 
1Θ 
19 
20 
21 
22 
23 
24 
1 
2a 
b 
3 
4 
5 
6a 
b 
7a 
b 
8a 
b 
9 
W. 1 
2 
3 
4 
5 
6 
J.O. 
H.F. 
M.H. 
J.B. 
J.S. 
H.E. 
E.F. 
E.F. 
W.K. 
S.F. 
M.M. 
J.P. 
S.H. 
J.H. 
H.Z. 
A.S. 
J.W. 
D.D. 
F.H. 
P.D. 
D.C. 
V.V. 
L.K. 
P.W. 
J.D. 
M.V. 
S.V. 
G.S. 
H.U. 
T.F. 
M.D. 
A.H. 
A.J. 
A.M. 
L.D. 
W.H. 
0.0. 
L.G. 
M.Z. 
VALVULAR 
f 
m 
m 
f 
m 
m 
f 
f 
m 
ш 
f 
f 
m 
ш 
ш 
f 
f 
f 
f 
f 
f 
f 
f 
f 
m 
m 
m 
m 
m 
f 
m 
m 
m 
m 
f 
m 
f 
f 
f 
HEART 
56 
34 
46 
33 
48 
35 
51 
40 
43 
57 
49 
51 
41 
57 
51 
33 
49 
56 
40 
41 
50 
50 
28 
57 
27 
22 
31 
11 
58 
17 
38 
60 
55 
52 
27 
63 
51 
53 
46 
DISEASE. 
2.12 
4.20 
4.12 
3.55 
4.09 
3.18 
3.61 
2.64 
3.12 
-
3.39 
3.41 
2.93 
2.87 
2.81 
4.11 
3.99 
2.77 
4.71 
2.64 
2.00 
2.17 
1.30 
1.49 
1.82 
2.23 
2.42 
3.30 
2.11 
1.98 
3.84 
2.56 
4.Θ5 
3.59 
4.11 
3.82 
2.09 
3.76 
2.77 
2.85 
3.06 
4.11 
3.57 
3.41 
3.49 
4.09 
3.10 
2.46 
1.96 
2.50 
2.38 
87 
94 
91 
101 
101 
76 
86 
96 
111 
-
82 
83 
109 
109 
106 
98 
95 
70 
119 
80 
73 
82 
49 
56 
69 
76 
103 
105 
80 
76 
111 
107 
107 
81 
92 
94 
101 
106 
96 
99 
77 
104 
84 
80 
107 
109 
91 
75 
58 
82 
62 
68 
75 
69 
81 
79 
65 
50 
74 
79 
-
41 
43 
72 
73 
75 
63 
56 
63 
64 
70 
80 
74 
78 
72 
71 
73 
67 
68 
70 
63 
76 
68 
76 
84 
82 
84 
96 
71 
81 
84 
78 
82 
76 
75 
64 
57 
78 
61 
50 
65 
80 
2.08 
4.87 
4.86 
3.80 
4.77 
3.88 
4.14 
3.83 
4.08 
5.93 
3.81 
3.92 
3.63 
3.91 
3.48 
5.81 
4.99 
3.81 
4.50 
3.93 
2.85 
3.35 
2.24 
2.29 
2.62 
3.36 
2.83 
3.54 
2.35 
2.55 
4.23 
3.47 
5.01 
4.29 
4.41 
4.29 
2.15 
5.21 
3.55 
3.31 
3.89 
3.88 
4.40 
4.29 
3.93 
4.98 
3.76 
3.51 
2.83 
3.37 
4.14 
91 
94 
96 
95 
98 
85 
90 
89 
97 
95 
90 
96 
91 
95 
80 
96 
95 
89 
90 
93 
94 
89 
90 
90 
89 
96 
91 
93 
82 
85 
93 
90 
93 
98 
96 
96 
86 
90 
94 
88 
96 
87 
99 
96 
87 
93 
92 
97 
92 
90 
91 
9.3 
9.4 
8.5 
9.1 
8.2 
9.2 
9.7 
8.7 
8.9 
9.1 
9.1 
9.9 
9.1 
8.8 
8.9 
8.3 
9.4 
9.6 
9.9 
8.9 
8.1 
9.6 
7.4 
6.7 
7.4 
8.6 
7.4 
7.6 
8.2 
8.4 
8.1 
8.7 
9.4 
8.6 
10.5 
6.0 
9.1 
9.0 
7.8 
7.7 
10.0 
9.5 
8.8 
9.8 
9.7 
8.4 
9.0 
8.4 
8.6 
9.9 
8.7 
Subject 
AM. 7 
8 
9a 
b 
T.W. 
P.C. 
M.B. 
Sex Age 
(years) 
31 
46 
53 
VC 
(1STPD) 
3.49 
2.15 
1.7Θ 
1.57 
» of 
normal 
81 
81 
65 
58 
FEV1 
% VC 
70 
70 
50 
43 
(1STPD) 
4.20 
3.08 
2.97 
2.90 
% of 
TLC 
93 
95 
94 
96 
mol.l ) 
9.6 
9.8 
10.5 
9.3 
MT. 1 J.L. 
2a H.E. 
Ь 
3 H.C. 
4 T.L. 
44 
60 
55 
49 
3.14 
3.47 
4.03 
1.69 
1.86 
89 
99 
ИЗ 
57 
73 
49 
67 
57 
61 
72 
4.02 
4.48 
3.90 
2.89 
2.93 
PPH. J.W. 
Ε.P. 
33 
45 
3.30 
2.00 
119 
87 
90 
56 
4.52 
3.02 
95 
93 
91 
93 
80 
99 
89 
8.9 
11.0 
10.2 
5.6 
7.9 
GROUP II. 
С. la 
Ь 
2а 
Ь 
За 
Ь 
4 
5 
6а 
b 
7 
8а 
Ь 
9 
10а 
Ь 
11 
12 
13 
14а 
b 
15 
16 
A.G. 
S.W. 
K.C. 
P.F. 
S.P. 
CO. 
H.Z. 
Т.Н. 
J.S. 
H.B. 
W.T. 
F.Z. 
CR. 
P.B. 
H.N. 
W.F. 
GROUP III. 
ASD. 1 
2a 
b 
3 
4a 
b 
5 
6 
7 
8 
VSD. 1 
D.K. 
A.F. 
W.K. 
K.K. 
J.P. 
A.H. 
A.L. 
G.V. 
H.R. 
GROUP IV. 
CORONARY ARTERY 
O 
m 
m 
π 
f 
m 
m 
m 
m 
m 
m 
m 
m 
m 
ш 
m 
43 
52 
47 
60 
59 
45 
44 
58 
41 
49 
58 
64 
46 
51 
37 
54 
DISEASE. 
4.42 
-
3.76 
3.49 
3.08 
-
3.72 
1.90 
4.81 
4.65 
3.45 
3.76 
4.05 
3.76 
4.54 
4.71 
2.69 
3.92 
3.16 
4.46 
4.05 
3.10 
2.87 
98 
-
118 
110 
88 
-
115 
74 
102 
99 
92 
83 
90 
107 
120 
124 
86 
114 
88 
105 
96 
87 
79 
. LEFT-TO-RIGHT INTRACARDIAC SHUNT 
f 
f 
m 
f 
m 
ш 
m 
f 
m 
PRIMARY 
14 
16 
41 
13 
31 
33 
33 
31 
14 
2.44 
3.06 
3.66 
4.17 
2.35 
2.79 
4.52 
4.71 
3.70 
2.77 
1.61 
75 
94 
101 
128 
84 
91 
91 
86 
78 
86 
61 
PULMONARY HYPERTENSION. 
76 
-
64 
66 
70 
-
69 
80 
70 
68 
47 
66 
60 
72 
70 
64 
72 
61 
77 
69 
67 
60 
76 
'· 
97 
88 
81 
73 
85 
87 
73 
67 
74 
88 
82 
5.78 
5.56 
4.95 
4.48 
4.11 
4.08 
4.77 
2.56 
5.73 
5.61 
4.77 
5.08 
5.76 
4.73 
5.61 
5.21 
3.58 
4.90 
3.43 
5.56 
4.73 
3.93 
3.82 
3.31 
3.51 
3.85 
5.18 
2.59 
3.18 
5.27 
5.09 
4.82 
2.98 
2.31 
94 
92 
96 
87 
92 
92 
03 
90 
93 
92 
99 
88 
99 
91 
96 
89 
92 
94 
95 
98 
91 
75 
97 
91 
93 
98 
97 
90 
99 
99 
96 
97 
89 
83 
9.4 
9.7 
9.1 
9.8 
8.8 
9.5 
8.6 
8.7 
9.1 
9.3 
9.8 
8.7 
9.1 
8.9 
8.7 
8.4 
8.7 
8.7 
8.8 
8.8 
8.6 
10.7 
9.4 
8.6 
9.1 
9.4 
8.7 
8.6 
7.3 
10.5 
9.5 
6.1 
8.1 
8.1 
9.2 
9.8 
Table 7.1. : Physical charateristlcs of 73 patients suffering from various kinds 
of cardio-vascular disease, studied with the CO single breath test. 
M = mitral valve disease; A = aortic valve disease; AM - combined 
aortic and mitral valve disease; MT » combined mitral valve disease 
and tricuspid Insufficiency; С · coronary artery disease; ASD -
atrial septal defect; VSD « ventricular septal defect; PPH - prima­
ry pulmonary hypertension. 
Postoperative values have been indicated by a suffix b, с or d. 
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PREOPERATIVELY POSTOPERATIVELY 
Subj. 
GROUP 
M. 1 
2 
3 
4 
5 
6 
7 
θ 
9 
10 
И 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
Α. 1 
2 
3 
4 
5 
6 
7 
8 
9 
AM. 1 
2 
3 
4 
5 
6 
7 
8 
9 
Τ 
ν,air 
T
 ~ v,0 2 
Dm 
V 
Vc 
V 
I. VALVULAR HEART DISEASE. 
46.0 
25.8 
24.4 
31.5 
22.7 
36.3 
37.0 
32.2 
37.8 
29.6 
29.9 
25.2 
33.6 
31.7 
33.2 
37.5 
25.4 
30.7 
47.1 
33.1 
47.2 
33.2 
28.4 
30.7 
28.7 
44.3 
23.8 
47.2 
26.7 
30.5 
43.2 
33.9 
34.0 
24.8 
42.2 
23.0 
39.8 
56.5 
31.2 
31.5 
28.3 
36.3 
25.5 
13.6 
13.6 
16.7 
12.8 
24.6 
19.6 
18.4 
19.4 
15.7 
17.8 
16.5 
17.4 
20.9 
16.3 
19.0 
14.9 
19.7 
21.9 
18.6 
27.5 
23.7 
14.3 
18.0 
18.3 
23.0 
13.7 
23.8 
12.9 
13.8 
21.2 
17.9 
17.4 
17.2 
22.7 
16.3 
20.2 
31.6 
18.0 
17.3 
20.2 
18.8 
64.3 
36.8 
33.5 
45.7 
30.1 
42.5 
52.6 
42.1 
52.5 
40.3 
38.0 
31.3 
50.0 
38.2 
50.3 
55.5 
33.4 
38.0 
80.7 
44.9 
62.3 
38.4 
42.7 
40.8 
35.7 
64.6 
31.1 
66.4 
41.7 
52.5 
67.5 
49.0 
50.3 
28.8 
59.0 
26.1 
56.4 
79.0 
42.4 
42.0 
32.7 
56.3 
25.8 
15.4 
17.8 
16.5 
19.7 
42.5 
22.6 
22.7 
24.2 
20.7 
23.5 
22.0 
21.3 
32.4 
18.4 
21.1 
16.3 
27.3 
22.4 
23.7 
33.3 
41.7 
15.6 
21.1 
24.1 
28.1 
27.1 
22.1 
14.0 
13.9 
18.8 
19.2 
17.5 
35.2 
24.6 
34.6 
22.7 
29.0 
20.3 
21.9 
30.9 
14.4 
Τ 
v,air 
30.0 
31.3 
24.3 
25.5 
31.2 
28.3 
22.5 
20.0 
39.2 
31.7 
40.2 
33.2 
36.3 
τ
 л v,0 2 
18.2 
15.1 
14.4 
12.7 
18.0 
17.8 
15.6 
12.8 
18.4 
16.7 
19.5 
16.2 
23.0 
Dm 
V 
38.5 
50.1 
31.2 
40.9 
41.9 
35.3 
26.1 
26.6 
64.9 
46.9 
64.3 
53.4 
45.6 
Vc 
V 
23.7 
14.4 
17.7 
12.3 
21.1 
27.0 
31.9 
20.4 
16.6 
18.6 
19.2 
17.1 
27.3 
interval 
(months) 
28 
53 
63 
22 
18 
14 
11 
11 
days 
days 
days 
9 
17 
13 
10 
7 
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Subj, 
PREOPERATIVELY 
v,air ,vO, Dm Vc 
POSTOPERATIVELY 
v,air v,0^ Dm Vc interval (months) 
MT. 23.1 
24.1 
25.2 
29.0 
14.8 
15.9 
16.6 
20.6 
28.7 
28.9 
30.7 
33.5 
23.0 
22.3 
39.7 
38.6 
25.8 14.2 35.7 15.2 17 
GROUP II. CORONARY ARTERY DISEASE, 
С. 1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
27.7 
22.5 
28.4 
27.5 
37.4 
22.6 
26.6 
36.5 
34.8 
25.5 
37.4 
25.9 
35.6 
31.2 
30.1 
27.8 
15.6 
12.4 
15.2 
14.9 
25.4 
14.6 
15.9 
19.0 
16.5 
12.5 
18.2 
15.1 
17.9 
15.6 
15.5 
15.0 
38.4 
31.6 
39.6 
39.4 
44.2 
27.8 
34.5 
52.9 
56.3 
38.8 
55.2 
33.9 
50.8 
46.2 
41.4 
39.9 
17.3 
15.2 
19.4 
18.2 
41.4 
21.4 
19.8 
22.6 
17.7 
14.2 
22.5 
21.2 
22.1 
18.8 
16.3 
16.3 
30.4 
21.4 
32.1 
25.3 
33.1 
25.3 
36.1 
15.9 
11.7 
18.0 
12.9 
17.4 
11.6 
17.1 
44.2 
30.4 
43.9 
36.9 
48.3 
42.7 
54.7 
16.6 
12.3 
21.2 
14.6 
17.5 
12.3 
19.4 
20 
21 
20 
19 
17 
18 
18 
GROUP III. LEFT-TO-RIGHT INTRACARDIAC SHUNTS. 
ASD. 1 
2 
3 
4 
5 
6 
7 
8 
57.7 
46.0 
39.2 
50.2 
54.8 
50.1 
39.7 
63.2 
29.6 
24.3 
19.5 
27.6 
28.9 
25.4 
21.4 
30.5 
90.8 
65.5 
59.3 
67.2 
93.8 
76.4 
58.1 
107.3 
28.0 
25.4 
22.7 
33.0 
28.0 
26.6 
35.7 
28.8 
36.7 
42.2 
16.5 
19.2 
64.4 
72.1 
13.6 
20.9 
19 
16 
VSD. 1 56.6 35.1 74.3 43.4 
GROUP IV. PRIMARY PULMONARY HYPERTENSION. 
PPH. 19.2 
16.0 
10.2 
11.0 
27.8 
18.5 
10.2 
15.9 
Table 7.2. : Values of the transfer factor and its subdivisions in 73 
patients suffering from various kinds of cardio-vascular 
disease. _. _i _i _i 
Τ and Dm expressed in ymol.s .kPa .1 ; Vc in ml.l 
ν V V 
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Ad Α.2. 
A further rise of the transmural pressure above the level of the intra-
capillary oncotic pressure will cause transudation, interstitial oedema 
and in the long run interstitial fibrosis. This will lead to a further rise 
of Vc and to a decrease of Dm , in the base of the lungs initially 
(A.2a) and afterwards extending also to the top (A.2b). Interstitial 
oedema and fibrosis will eventually limit a further dilation of the 
capillaries and may even cause a relative decrease of Vc (Yuba 1971). 
With regard to situation А.1., Τ may be expected to decrease or may 
even be within normal limits. 
A 2a A 2b 
w ,— 
Ad A.3. 
The picture is further complicated, especially in mitral valve disease, 
by the occurrence of obi iterati ve lesions involving initially the small 
peripheral branches of the pulmonary artery tree, accompanied by throm­
bosis, thrombo-embolism and functional vasoconstriction (Parker and 
Weiss 1936, Wessel et al. 1964, Forster 1957, Hamer 1965, Aber and 
Campbell 1965, Yu 1969). This causes a decrease of Vc . The changes 
take place first in the lower lobes (A.3a), producing a characteristic 
reversal of the normal flow pattern (Dollery and West 1960), spreading 
gradually throughout the whole lung (A.3b). In this situation Vc may be 
expected to be normal, Dm and Τ to be subnormal. 
А.За A 3b 
^0 
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Ad В. 
An increased blood flow through the alveolar capillary system, e.g. 
during exercise or in patients with a left-to-right intracardiac shunt, 
will cause primarily the opening up of previously closed capillaries. 
The effect on gas transfer determination may be expected to be the same 
as that of situation А.1., viz. an increase of Vc , Dm and Τ (Bucci 
and Cook 1961, Baker and Daly 1970, Burgess 1974). 
N B(=A1) 
— < ^ =c< ι — 
Ad С 
An inflow obstruction of the alveolar capillary system, e.g. in pulmo­
nary embolism and in primary pulmonary hypertension, is accompanied by 
a loss of perfused capillaries. This situation will cause an increase 
of zones I and II of West (1969). Thus we may expect a decrease of Vc , 
Dm
v
 and Т
у
 (Wessel et al. 1964, Fowler et al. 1966). 
— < ^ / — S 
It is clear that situation A.3. can be considered as a combined out­
flow and inflow obstruction of the alveolar capillary system. 
These assumptions are supported by the actual results obtained in our 
patients, because typical combinations of values of Τ . . Dm., and Vc.. 
ν »α ι г ν ν 
were found to occur in the various diagnostic groups for every parti­
cular situation described above. 
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GROUP I. VALVULAR HEART DISEASE 
The 46 patients belonging to this group were expected to show changes 
in gas transfer, as described under the heading of outflow obstruction 
of the alveolar capillary system. Some patients showed changes in gas 
transfer which are quite typical for the various situations. They are 
listed in table 7.3. 
diagnosis patient Τ Dm Vc 
v,air ν ν 
A.l 
A.2a 
A. 2b 
A.3a 
A. 3b 
congestion 
AM (5) 
+ initial oedema 
M (21) 
A (2) 
+ oedema + fibrosis 
M (22) 
+ initial inflow obstruction 
M (12) 
MT (1) 
MT (2) 
+ inflow obstruction 
M (2) 
M (3) 
M (17) 
high 
56.6 
high 
47.2 
44.3 
normal 
33.2 
low 
25.2 
23.1 
24.1 
low 
25.8 
24.4 
25.4 
high 
79.0 
normal 
62.3 
64.6 
low 
38.4 
low 
31.3 
28.7 
28.9 
low 
36.8 
33.5 
33.4 
high 
29.0 
high 
33.3 
28.1 
high 
41.7 
high normal 
22.0 
23.0 
22.3 
normal 
15.4 
17.8 
16.3 
Table 7.3. : Changes of gas transfer which are particularly typical for 
the various situations described under the heading of out­
flow obstruction of the alveolar capillary system in pa­
tients with valvular heart disease. For explanation of 
the symbols see table 5.1. 
Other patients showed changes in gas transfer which were indeed less 
typical, but fitted well into the whole scheme. We have to realize 
that the processes of capillary congestion, insterstitial oedema and 
fibrosis, vascular constriction and restriction, do not occur separa­
tely, but occur to some extent concomitantly. 
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We could not find any significant correlation between the results of 
the determination of gas transfer and the findings at cardiac cathe­
terization. The amount of congestion, oedema and vasoconstriction can 
vary within a short period of time, depending on the state of hydra­
tion and the effect of medication of the patient. 
In addition, the single breath test and cardiac catheterization were 
performed in a different position, viz. the former in the sitting and 
the latter in the supine position. It is a known fact that in normal 
subjects the stroke volume is greater in the supine than in the up­
right position (Jebavy et al. 1971). Changes in body position have 
a great effect on the determination of gas transfer. In the supine 
position the alveolar capillary system is normally completely filled 
with blood, this in contrast to the sitting position at rest. An ini­
tial rise of Vc found in the sitting position may thus become obscured 
by a change to the supine position. This is the reason why Cazioglu and 
Yu (1967) and Yu (1969), who investigated their patients in the supine 
position, could only find an increase of Vc in quite severe cases of 
valvular heart disease, when clinical signs of left heart failure 
had already been present (Class III of the Mew York Heart Association). 
Flatley et al. (1962) also studied their patients in the supine posi­
tion, and found a mean decrease of Vc in all stages of mitral valve 
disease. They too could not find in 10 patients with mitral valve 
disease any significant correlation between cardiac catheterization 
and the determination of simultaneous gas transfer. 
Burrows et al. (1961) measured Τ,, and Τ . in 53 patients with "acqui-x
 ' air v,aiг n 
red heart disease" and found abnormally low values in only two patients. 
All other values were within normal limits. He concluded that determi­
ning the transfer factor in these patients was of no use. 
As may be seen from table 7.2., most patients in our series have also 
values of Τ _. falling within the normal range. A normal value of 
V
 9 α 1 Γ 
Τ , can, however, mask abnormal values of Dm and Vc (Hamer 1965). 
For example : 
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Patient 
M (14) 
M (22) 
ν,ai г 
31.7 
33.2 
Dniv 
38.2 
38.4 
V c v 
32.4 
41.7 
In these patients Τ . is normal, but Vc and Dm
v
 are most abnormal. 
An increase of Ve has counteracted a reduction of Dm , giving a normal 
value of Τ . . In our series of 46 patients with valvular heart disease, 
v,air 
the distribution of the values of Τ ,· was as follows : 
V »a 1 r 
n = 12
'
 T
v,air t 0 0 'low 
η = 29, Τ „· within normal range 
n = 7
'
 T
v,air too high 
In patients whose valvular heart disease is serious enough to warrant 
operation, a normal value for Vc found in the sitting position at 
rest, points to pulmonary vascular restriction due to pathological 
changes caused by sustained high pressures in the pulmonary arterial 
system. 
The scatter of values of Τ . , Dm and Vc in every group of patients 
with valvular heart disease, depending on the stage of the disease 
and the clinical condition of the patient at the time of measurement, 
is very large. The differences between the various groups are statis­
tically not significant. The mean value for Vc , for example, of the 
various groups of patients in our series were : 
group Vc 
• — — r 
N 
A 
M 
AM 
MT 
V 
17.8 
20.5 
23.7 
26.0 
30.9 
ρ > 0.05 
ρ > 0.05 
ρ > 0.15 
ρ > 0.15 
This series of values seems quite logical. Indeed, in group A an intact 
mitral valve has protected the lungs from backward failure and pulmo­
nary congestion. With a failing mitral valve the lungs are directly 
exposed to higher intravascular pressure, which can become even worse 
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if both aortic and mitral valves are disfunctioning. The highest mean 
value for Vc is found in patients with mitral valve disease accompanied 
by tricuspid insufficiency, which reflects the high pulmonary arterial 
pressure in these patients. The differences between the groups are not, 
however, statistically significant. 
12 Patients suffering from valvular heart disease were also studied 
postoperatively. The results of these determinations are shown in table 
7.2. The interval between the determinations varied between 1 to 22 
months. Some patients showed equally normal values for Τ , Dm
w
 and 
v.air v 
Vc pre- and postoperatively : 
Patient 
A (6) 
A (7) 
A (8) 
These results reflect the excellent reproducibility of the single breath 
test. They also demonstrate that thoracotomy and extracorporeal circu­
lation, in themselves, do not disturb the gas transfer characteristics 
of the lungs. 
In the other patients the results of the gas transfer determinations 
had undergone postoperative changes. In most of these patients the 
changes denote an improvement in cardiac function : 
PREOPERATIVELY 
v.air 
30.5 
43.2 
33.9 
Dm
v 
52.5 
67.5 
49.0 
Vc
v 
13.9 
18.8 
19.2 
POSTOPERATIVELY 
v.air 
31.7 
40.2 
33.2 
4 vcv 
46.9 18.6 
64.3 19.2 
53.4 17.1 
Patient 
M (6) 
M (10) 
M (12) 
M (13) 
M (14) 
MT (2) 
A (2) 
PREOPERATIVELY 
v.air 
36.3 
29.6 
25.2 
33.6 
31.7 
24.1 
44.3 
Dm 
V 
42.5 
40.3 
31.3 
50.0 
38.2 
28.9 
64.6 
Vc
v 
42.5 
20.7 
22.0 
31.3 
32.4 
22.3 
28.1 
POSTOPERATIVELY 
Τ 
ν,air 
30.0 
31.3 
24.3 
25.5 
31.2 
25.8 
39.2 
Dm 
V 
38.5 
50.1 
31.2 
40.9 
41.9 
35.7 
64.9 
Vc
v 
23.7 
14.4 
17.7 
12.3 
21.1 
15.2 
16.6 
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Preoperatively all these patients had a Vc which was too high or 
"high normal". Postoperatively Vc decreased or returned to normal. 
The values of Τ . obtained in these patients once more demonstrate 
v.air 
the futility of determining only Τ . , and show the need for deter­
mining also Dm and Vc . Reid and Stevenson (1964) concluded : 
"Even after successful valvotomy, with improvement of circulatory 
hemodynamics, this advantage is not reflected by any alteration of 
Τ . ". We came to the same conclusion in our series of patients. 
air 
In patient M (14), for example, pre- and postoperatively Τ . had 
ν ,ai r 
remained stable. Postoperatively, however, the situation had changed 
completely. Vc had returned to normal and Dm had improved. In patient 
A (2), postoperatively Τ . had decreased. Had the patients suffered 
a setback for that reason ? On the contrary '. The decrease of Τ 
J
 v.air 
reflects the return to normal of Vc . The patient had thus improved. 
Two patients showed a postoperative deterioration : 
Patient 
AM (9) 
M (17) 
PREOPERATIVES 
v . a i r 
36.3 
25.4 
Dm 
V 
56.3 
33.4 
f 
Vc 
V 
14.4 
16.3 
POSTOPERATIVELY 
v , a i r 
36.3 
28.3 
22.5 
20.0 
Dmv 
45.6 
35.3 
26.1 
26.6 
V c v 
27.3 
27.0 
31.9 
20.4 
Patient AM (9) offers again a good example of the limited value of de­
termining only Τ . . The pre- and postoperative values of Τ . were 
3 J
 v,air κ κ κ ν,air 
similar. Postoperatively, however, Vc had increased and had become too 
high, while Dm had decreased. The patient was clinically in a bad 
state at the time of the second determination. The case of patient 
M (17) is very interesting with regard to the determination of gas 
transfer, and will therefore be reported in more detail : 
Case report. 
Patient M (17), a woman born in 1928, underwent elsewhere a mitral 
commissurotomy in 1976. Postoperatively she developed a mitral valve 
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insufficiency ', which necessitated a mitral valve replacement on 01-12-
2) 77 '. We saw her for the first time on 25-11-77. The results of the CO 
single breath test at this stage pointed to a severe impairment of gas 
transfer matching the diagnosis of longstanding mitral valve disease. We 
saw her again after her operation on 23-11-77. At this time she had been 
3Ì 
scheduled for a second operation, a laminectomy ' to relieve severe neu-
ralgia caused by osteomyelitis from which she had suffered in the past. 
In fact, the mitral valve replacement had been performed to render a 
laminectomy safer. In our opinion, however, the mitral valve replace-
ment had not improved her condition, because by now Vc had become too 
high. Furthermore, her vital capacity had decreased from 2.17 Ic-rnn 
to 1.30 Ιςτρη postoperatively. An X-ray film of the thorax ' suggested 
lung embolism. Only six days later, on 29-11-77, she presented the full 
blown clinical picture of lung embolism. On 17-01-78 gas transfer was 
determined again. She now was in poor clinical condition : she was 
dyspnoic; she had peripheral oedema; the EKG showed rapid atrial fibril­
lation with a frequency of 120 beats.min ; ventilatory function had 
certainly not improved. Her poor condition was reflected in the results 
of the determination of gas transfer : Vc had increased further, and 
Dm had decreased, probably as a result of an increasing pulmonary 
oedema. She improved considerably after receiving digoxin. On 27-01-78 
gas transfer was determined for the fourth time. Vc had returned to 3
 ν 
normal. Dm was, however, still very low. This would suggest a relatively 
slow recovery of the alveolar-capillary membrane after a period of 
pulmonary congestion and interstitial oedema. She now was judged to 
be fit enough to undergo the laminectomy, which was performed on 
30-01-78, and from which she made an uncomplicated recovery. 
' Department of Cardiology (head : Prof.Dr. J.Th.Ch.Vonk) 
Institute of Internal Medicine (head : Prof.Dr. C.L.H.Majoor) 
2) 
' Department of Thoracic Surgery (head : Prof.Dr. L.K.Laquet) 
3) 
' Department of Neurosurgery (head : Prof.Dr. H.A.D.Wälder) 
' Department of Radiology (head : Prof.Dr. W.H.A.M.Penn) 
All from Radboud hospital. University of Nijmegen. 
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We suggest that the determination of gas transfer, especially the sepa­
rate determination of Dm and Vc , offers a reliable guide for establis­
hing the effects of operation and medication in patients with valvular 
heart disease. The results should always be interpreted in conjunction 
with other essential data, e.g. from ventilatory lung function studies 
and heart catheterization. The clinical condition of the patient must 
also be taken into consideration. The values of Τ . , Dm and Vc 
indeed reflect and are the end result of the many continuously vary­
ing parameters acting upon the alveolar capillary capacity and the al­
veolar-capillary membrane. We believe that once the correct diagnosis 
has been established, regularly repeated determination of gas transfer 
can be used as an objective parameter for testing the efficacy of the 
cardiac pump. This non-invasive determination may spare the patient 
invasive and potentially dangerous forms of investigation, such as 
cardiac catheterization. 
GROUP II. CORONARY ARTERY DISEASE 
We studied 16 patients suffering from coronary artery disease severe 
enough to warrant a coronary by-pass. These patients can also be con­
sidered to belong to the group with outflow obstruction of the alve­
olar capillary system. All patients had either severe angina or were 
suffering from the after-effects of a previous myocardial infarction. 
The acute stage of myocardial infarction is often accompanied by pul­
monary congestion and systemic hypoxemia. It also has been shown, that 
the pulmonary arterial pressure rises during attacks of angina (McNi-
col et al. 1965, McNicol et al. 1966, Higgs 1968). Furthermore, 
McNicol et al. (1966) and Jebavy et al. (1978) present evidence that 
after recovery from infarction, during the stable chronic phase of 
ischaemic heart disease, systemic hypoxemia and an increased alveolar-
arterial oxygen tension difference may persist for as long as six 
months. In many patients a sustained elevated left ventricular end-
diastolic pressure has been found. McNicol et al. (1966) suggest this 
systemic hypoxemia to reflect a persisting ventilation/perfusion ab­
normality, possibly the result of minor degrees of left heart failure. 
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Jebavy et al. (1978) suggest that the cause for this V/Q abnormality 
is an increase of extravascular fluid in the lungs concomitant with 
an elevated left ventricular end-diastolic pressure. 
Our results corroborate this hypothesis (table 7.2.). In all but one 
patient, С (5), Ve was found within normal limits, though more often 
than not it was in the upper range of normal. After excluding patient 
С (5), we obtained a slightly higher mean value of Vc for this group 
-1 -1 
of patients (18.9 ml.l ) than in the normal subjects (17.8 ml.l ). 
This finding is not, however, statistically significant (P > 0.20). 
Dm was most often found in the lower range of normal, and in 5 pa­
tients was even abnormally low. This resulted in a mean value of Dm 
-1 -1 -1 
of 41.7 ymol.s .kPa .1 , which is significantly lower than the 
normal mean value of Dm
v
 (57.3 ymol. s .kPa .Г )(P < 0.001). 
The decrease of Dm in these patients may not only be due to pulmo­
nary congestion and interstitial oedema, but may also reflect a more 
generalised - in this case pulmonary - localisation of vascular disease, 
other than just in the coronary system. Τ . was more often found in 
v,ai r 
the lower range of normal, and in 5 patients was too low, resulting 
in a mean value of 29.3 ymol.s" .kPa" .1" . This is significantly 
lower than the normal mean value of Τ . (35.3 ymol.s" .kPa" .1" ) 
v,air ' 
(P < 0.001). 
Patient С (5) showed clinical signs of cardiac decompensation at the 
time of measurement, which coincides with the high value of Vc 
-1 v 
(41.4 ml.l ) found in this patient. 
Seven patients of this group were also studied postoperatively. No 
striking changes were found, except in patient С (6), in whom a defi­
nite postoperative decrease of Vc was accompanied by a definite in­
crease of Dm . 
GROUP III. LEFT-TO-RIGHT INTRACARDIAC SHUNT 
To this group belong 8 patients with an ASD and one with a VSD. At 
cardiac catheterization lung perfusion appeared to be 2 - 5 times the 
systemic perfusion in these patients. We accordingly expected devia-
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tions in gas transfer, as described under the heading of increased 
blood flow through the alveolar capil lary system. We expected to f ind 
high values for Τ ... , Dm,, and V c . In fact (table 7.2.), out of the v , a i r v ν v ' 
9 patients Vcv was too high in 8 patients, and in 1 high normal. Dm 
was too high in 5 patients, and Τ ... in 7 patients. In the remaining 
V >α ι г 
patients, the values of Dm,, and Τ ,. were all higher than the normal 
ν v,air J 
mean values. This resulted in significantly increased mean values of 
in this group of patients (P < 0.001) 
Vc
v
, Dm
v
 and
group 
L-R shunt 
normal 
V .«ir 1 л * 
v.air 
50.8 
35.3 
Dm
v 
77.0 
57.3 
Vc
v 
30.2 
17.8 
These findings are in accordance with those of Bucci and Cook (1961), 
Burrows et al. (1961), Yu (1969), Yuba (1971) and Burgess (1974). Al­
most the same mean precentages of increase of Τ . , Dm and Vc were 
air 
found in 17 patients with uncomplicated ASD, studied by Bucci and 
Cook (1961) (+ 43%, + 38%, + 60%), and in our patients ( + 44%, 34%, 
+ 70%). Two patients, ASD (2) en (4), were also studied postoperatively 
patient 
ASD (2) 
ASD (4) 
PREOPERATIVELY 
v,air 
46.0 
50.2 
Dm
v 
65.5 
67.2 
4 
25.4 
33.0 
POSTOPERATIVELY 
v.air 
36.7 
42.2 
4 Vc
v 
64.6 13.6 
72.1 20.9 
Just as expected, Vc returned to normal after operation. To our sur­
prise, Dm remained in these patients at the same high level as before 
operation. It is possible that some degree of increased pulmonary 
interstitial fluid content existed in these patients preoperatively, 
thus obscuring an increase in the diffusion area accompanying the 
rise of Vc . Another explanation may be that Τ . , Dm and Vc had 
been relatively underestimated preoperatively, because of the rapid re­
circulation taking place through the atrial or ventricular septal defect, 
thus increasing the back pressure of CO during the single breath test. 
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No correlation was found between the relative increase of the pulmo­
nary blood flow and the findings of gas transfer determination. 
GROUP IV. PRIMARY PULMONARY HYPERTENSION 
We determined gas transfer in two patients, who fulfilled the criteria 
fitting a diagnosis of primary pulmonary hypertension (Fowler et al. 
1966, Walcott et al. 1970). 
Briefly ' : increasing dyspnoea; hyperventilation; EKG signs of right 
heart hypertrophy; moderately increased pulmonary arterial pressure 
(twice normal), normal wedge pressure, and high pulmonary vascular 
resistance (three times normal) at right heart catheterization; no 
signs of any other cardiac or pulmonary disease, particularly no 
signs of thrombosis or embolism. Ventilatory lung function studies were 
essentially normal. Lung compliance was about 50% of normal. 
Gas transfer determination showed a striking decrease of Τ and 
3
 v,air 
Dm in both patients. Vc was too low in patient PPH (1). 
patient T V ) a i r Dmv Vc v 
PPH (1) 19.2 27.8 10.2 
PPH (2) 16.0 18.5 15.9 
The low Τ . was expected as an example of an inflow obstruction of 
v j α 1 Γ 
the alveolar capillary system. Other authors (Fowler et al. 1966, Bur­
gess et al. 1968, Obrecht et al. 1968, Herzog and Daum 1970, Meyrick 
et al. 1974) have confirmed these findings. In both patients open lung 
2Ì 3 
biopsy was performed '; about 2 cm of tissue being removed from the 
right middle lobe. Light microscopy revealed only slight abnormalities : 
minimal intimai fibrosis, scant collagen deposits, moderate muscular 
hypertrophy of the arterioles, all fitting a diagnosis of moderate 
' Department of Pulmonology (head : Dr. J.Dijkman), Insitute for 
Internal medicine (head : Prof.Dr. C.L.H.Majoor) 
2) 
> Department of Thoracic Surgery (head : Prof.Dr. L.K.Lacquet) 
Both from Radboud hospital. University of Nijmegen. 
132 
hypertension (Wagenvoort et al. 1964). No abnormality of the alveolar-
capillary membrane was seen. 
Small pieces of tissue were prepared for examination by electron micro-
scopy '. They were fixed with 2.5% cacodylate buffered glutaraldehyde 
at 4 0C followed by 2% osmium tetroxide for 90 minutes. The specimens 
were embedded in Epon 812 and ultra-thin sections were stained with 
uranyl acetate and lead citrate. These sections were examined in a 
Siemens Elmiskop 101. 
The figures 7.1., 7.2., 7.3., and 7.4. illustrate the submicroscopical 
findings in the lung tissue from patient PPH (2); the figures 7.5., 
7.6., 7.7. and 7.8. belong to patient PPH (1). 
To summarize : the following ultrastructural findings observed at the 
alveolar level in the lungbiopsy of both patients are worth mentioning : 
1. hypertrophic, clear endothelial cells lining the alveolar capillaries 
causing considerable narrowing of their lumen; 
2. widening and sometimes splitting of the capillary basement membrane; 
some capillaries are surrounded by a broad layer of concentric lamellae; 
3. interstitial oedema and an increased amount of fibrillary structures 
and collagen fibres; 
4. in some places alveolar capillaries cannot be demonstrated (or have 
disappeared ?); 
5. thickening of the blood-gas barrier; 
6. no signs of inflammation; mast cells, however, are regularly present 
in the interstitial spaces. 
The findings just mentioned could be demonstrated to a greater or lesser 
extent in the tissue examined. A quantitative estimation as to how 
widespread these changes occur, was not performed. 
It was Meyrick et al. (1974) who first published their electron micro-
scopic findings of a lung biopsy of a patient suffering from primary 
' Department of Submicroscopic Pathology (Dr. U.J.G.M. van Haelst), 
Institute of Pathology (head : Prof.Dr. G.P.Vooijs), Radboud 
hospital. University of Nijmegen. 
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pulmonary hypertension. Their findings show great resemblance to our 
observations. 
The results of the electron microscopical study reflect quite well the 
results of the determination of the gas transfer.Τ . was found ex-
V jG ι Γ 
tremely low in both patients. We had expected Τ . to diminish due 
ν 9 a ι г 
to a primary decrease of Vc , accompanied by a secondary decrease of 
Dm . In patient PPH (1), however. Dm was found to be lower than would 
be expected as the result of the moderate decrease of Vc alone. 
We must realize that not only the distance along which diffusion takes 
place is important, but also the quality of the membrane, viz. the 
diffusivity and the solubility of the gas (equation 1.3). Thus a 
thickening of the alveolar-capillary membrane, along with the morpho­
logical changes observed at the electron microscopical level (see 
above), may very well impede diffusion seriously. 
The results of the gas transfer determination in patient PPH (2) are 
interesting, because Vc appeared to be normal. Yet the value for Dm 
was extremely low. It is in fact the lowest value for Dm so far found 
in our laboratory. We suggest that perhaps the changes of the alveolar-
capillary membrane, as revealed by electron microscopy, form the 
primary lesion of primary pulmonary hypertension, and that the changes 
in the pulmonary arteries are only secondary to this. Is the pulmo­
nary hypertension found in these patients perhaps caused by collagen 
disease of the lungs ? If so, then "primary" pulmonary hypertension 
is rather a misnomer. 
We are convinced that the determination of the transfer factor, and 
especially the determination of Dm and Vc , will be of great diag­
nostic help in this disease. Another application of the method is in 
assessing objectively the effectiveness of the instituted therapy. 
The single breath test is easily performed and quite harmless to the 
patient. Heart catheterization and open lung biopsy place the patient 
at risk (Walcott et al. 1974). 
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FIGURE 7.1. 
An electron micrograph of a portion of an alveolar septum with three 
capillaries which are wholly or partially visible. These capillary 
loops are lined by endothelial cells (END) of varying thickness, 
containing a large number of pinocytic vesicles throughout their 
cytoplasm. The vessels are surrounded by a broad basement membrane 
(-»-) which is split locally. Their lumen (LU) is quite open. The 
basement membrane of the endothelium and that of the alveolar 
lining run separately from each other. ALV : alveolar space covered 
by type I pneumocyte; Ρ : probably a pericyte. Magnification : 14.000 x. 
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FIGURE 7.2. 
This alveolar capillary is lined with an enlarged, hypertrophic endo­
thelium containing a large nucleus (K); the lumen (LU) is seen to be 
almost occluded. The capillary basement membrane shows a lamellated 
aspect. On one side one can see the large part of the alveolar wall 
containing in between the capillary basement membrane and the alveo­
lar membrane many fine fibrils (->) and el asti η flakes (-*). 
ALV : alveolus. Magnification : 18.600 x. 
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FIGURE 7.3. 
Part of the alveolar wall containing a considerable amount of collagen 
(->·) causing widening of the interstitial space. No capillary loop is 
visible here. The interstitial cell probably represents a fibroblast. 
ALV : alveolar space. Magnification 12.400 x. 
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FIGURE 7.4. 
Another section of the alveolar septum of which the large part show,; 
a considerable amount of collagen fibers. An erythrocyte can be seen 
in a wide blood vessel lying close to the alveolar space (ALV). The 
arrow points to a mast cell which is partially visible. Mast cells are 
found quite frequently in the interstitial spaces of this lung tissue. 
Magnification : 12.400 x. 
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FIGURE 7.5. 
This alveolar capillary is lined with hypertrophic, swollen endothelial 
cytoplasm (END). An erythrocyte is present in the lumen (LU). At the 
lower left a pneumocyte of the alveolar wall is partially visible. 
Magnification : 18.600 x. 
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FIGURE 7.6. 
In many instances, the capillary basement membrane {-*•) is irregularly 
thickened and displays a lamellated aspect. The interstitial ground 
substance contains fine fibrillar or granular material (•*). The opti-
cal empty spaces are probably caused by edema fluid. LU : capillary 
lumen. Magnification : 18.600 x. 
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FIGURE 7.7. 
Some alveolar blood vessels appear to be almost completely surrounded 
by a homogeneous large band of concentric thin layers of basement mem-
brane-like material. The alveolar blood-air pathway (normal total thick-
ness of about 200-400 nm) is considerably widened and can attain a 
thickness of about 2500 nm. LU : capillary lumen containing 2 erythro-
cytes; ALV : alveolus. Magnification : 14.600 x. 
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FIGURE 7.8. 
Also in this patient, the local absence (or disappeareance ?) of capil-
lary loops could be observed. The enlarged septum contains not only a 
considerable amount of collagen fibers (-•), but also elastin material 
(•*) and fine filaments. In between one can see long processes of con-
nective tissue cells. ALV : alveolar space. Magnification : 24.200 x. 
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Summary and conclusions 
Τ . , Dm and Vc
v
 have been determined in 73 patients suffering from 
various kinds of cardio-vascular disease. The results of the determina­
tions correlate with the nature of the disease, and can be used to 
follow accurately changes in the condition of the patient. 
In valvular heart disease and in coronary artery disease the method, 
when applied in sitting position at rest, is especially useful in 
assessing the efficacy of the cardiac pump, and to evaluate the damage 
which the lung has suffered due to its malfunctioning. 
In left-to-right intracardiac shunts and in primary pulmonary hyper­
tension the method is of diagnostic value too. 
In all cases the method seems to be particularly useful in follow-up 
studies and in assessing objectively the effectiveness of therapy. 
This only applies, of course, if the test is performed as part of a 
complete lung function investigation. 
The test is cheap, easily performed and does not harm the patient. 
151 
SUMMARY 
The transfer factor of the lung (T) is defined as the number of moles 
of a gas which pass the alveolar-capillary membrane during one second, 
the pressure gradient being one kilopascal. Not all gases are suitable 
for the determination of this factor. Inert gases - these are gases 
which do not react chemically with blood - reach equilibrium so fast, 
that the mean alveolar-capillary pressure gradient is too small to 
be measured. After initial equilibration has taken place, only a small 
portion of the alveolar-capillary membrane is utilised continuously 
for the diffusion of these gases. The uptake of inert gases is governed 
primarily by the speed by which blood saturated by gas is driven out 
of the alveoli to be replaced by fresh blood, in other words the alveo­
lar capillary perfusion. These gases are therefore unsuitable for the 
determination of the transfer factor. 
Oxygen and carbon monoxide become bound to hemoglobin after passing the 
alveolar-capillary membrane. The pressure gradient of these gases is 
therefore kept up for some time; the mean pressure gradient of these 
gases is theoretically large enough to be measured. It also means that 
a greater part of the available alveolar-capillary membrane area is being 
used continuously for the diffusion of these gases. The transfer factor 
does not depend on the alveolar capillary perfusion, but on the diffusion 
capacity of the alveolar-capillary membrane (Dm), on the reaction rate 
with hemoglobin ( ) and on the alveolar capillary blood volume (V
c
). The 
following formula holds for these factors (Roughton and Forster 1957) : 
1/T = 1/Dm + 1/ с (2.11) 
The biggest problem faced in the determination of the transfer factor is 
the measuring of the mean pressure gradient of the gas during the test pe­
riod. Since direct measurement of pressures existing in alveoli and alveolar-
capillaries is impossible, we have to make do with indirect methods of 
measurements. The mean alveolar pressure can be obtained by making use 
of an alveolar gas sample taken during expiration (Bates et al. 1955), 
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or by utilizing the arterial CC^ pressure (Filley et al. 1954). 
Both methods have their limitations. Measuring the mean alveolar capil­
lary pressure is practically impossible. Carbon monoxide in very low 
concentrations can, in contrast to CL, be used. Ignoring the mean 
alveolar capillary CO pressure during the uptake of CO will lead to a 
much less overestimation of the pressure gradient than in the case 
of O2 and is therefore allowable. This simplifies significantly the 
determination of the transfer factor. Thus CO is the most suitable 
gas for determining the transfer factor. 
The single breath method for determining the transfer factor is not only 
the oldest, but is also the most frequently used. The rebreathing method 
is theoretically the best method, because it is not influenced by any 
uneveness in ventilation. The method is, however, very expensive to 
perform and is thus rarely used. 
The steady state method gives for the same lung volumes and for the 
same degree of physical exertion, the same values for the transfer factor 
as the single breath method. The steady state method is more difficult 
to reproduce with the subject at rest. 
The fractional CO uptake gives only a qualitative impression and not 
a quantitative measure of gas transfer of the lung. 
The single breath method is used throughout this study. 
It is possible to calculate Dm and Vc separately by determining the trans­
fer factor of CO at two different alveolar O2 pressures. 
The above is dealt with in chapters I - IV. 
28 Normal, healthy individuals were first examined to establish for our 
laboratory standard values for T, Dm and Vc. It soon became obvious how 
important it was to express T, Dm and Vc per unit of alveolar gas volume, 
Τ , Dm and Vc . In this manner, differences in body size could be ig­
nored, thus making possible the direct comparison of the obtained results 
with one another; not only the results of our series, but also the results 
obtained by other authors. 
Different values for T, Dm and Vc observed in the two sexes were found 
to be none other than differences obtained from variation in body size. 
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Age played no significant role in the determination of Τ , Dm and 
Vc in our series. Depth of inspiration, posture and the degree of phy­
sical exertion have most certainly a definite effect on the values of 
Τ , Dm and Vc . It is therefore of paramount importance to standardize 
the conditions under which the determinations are carried out; i.e. 
inspiration up to at least 80% total lung capacity, with the subject 
sitting and at rest. This is further worked out in chapter V. 
Normally when the single breath method is performed under standard con­
ditions, Vc and therefore also Dm and Τ are unevenly distributed 
throughout the lung, and follow a vertical gradient. In chapter VI and 
on the basis of these findings, a normal lung model was projected. 
This model is used to determine, what effect changes in the ventilation 
pattern, the diffusion pattern, and the breath-holding time have on 
the calculation of Τ , Dm and Vc . 
Chapter VII deals with the results obtained from 73 patients suffering 
from various cardio-vascular disorders : valvular heart disease (n = 46), 
coronary insufficiency (n = 16), left-to-right intracardiac shunts (n = 
8), primary pulmonary hypertension (n = 2). A number of patients (n = 23) 
were seen in the pre- and postoperative period. When the single breath test 
is used under standard conditions, the results correlate satisfactorily 
with the underlying pathology and reflect pretty well changes in the cli­
nical condition of the patient. It is essential to calculate not only 
Τ , but also Dm and Vc . In valvular heart disease and in coronary in­
sufficiency the method is especially useful in assessing the efficacy 
of cardiac performance. At the same time some information can be obtained 
about the degree of damage which the lungs have suffered secondary to 
cardiac dysfunction. Besides, the method is of diagnostic value in left-
to-right intracardiac shunts and in primary pulmonary hypertension. In 
patients with primary pulmonary hypertension the results obtained by the 
single breath test correlate with electron microscopic studies of 
lung biopsies. These results point to a primary pathological process of 
the alveolar-capillary membrane in this disease. In all cases the method 
proved extremely useful in establishing an objective criterion in the 
154 
assessing of operative results and/or other forms of therapy, and in the 
follow-up of these patients. The method is cheap, easy to perform, 
non-invasive and harmless to the patients. 
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SAMENVATTING 
De transfer factor van de long (T) is gedefinieerd als het aantal 
molen van een gas, dat de alveolo-capi 11 ai re membraan passeert, tij-
dens één seconde onder een drukgradiënt van één kilopascal. Niet alle 
gassen zijn geschikt voor het bepalen van deze factor. Inerte gassen 
- dit zijn gassen die niet chemisch reageren met bloed - bereiken zo 
snel de evenwichtstoestand, dat de gemiddelde alveolo-capi 11 ai re druk-
gradiënt te klein is om te kunnen meten. Na initiële equilibratie 
wordt maar een klein deel van de alveolo-capi 11 ai re membraan continue 
benut voor diffusie van deze gassen. De opname van inerte gassen wordt 
dan ook in hoofdzaak bepaald door de snelheid waarmee met gas verzadigd 
bloed uit de alveolen wordt verwijderd en vers bloed wordt aangevoerd, 
i.e. door de alvéolaire capillaire perfusie. Deze gassen zijn dus onge-
schikt voor het bepalen van de transfer factor. 
Zuurstof en koolmonoxide worden na diffusie door de alveolo-capi 11 ai re 
membraan chemisch gebonden aan haemoglobine. Enerzijds heeft dit tot 
gevolg dat de drukgradiënt van deze gassen langer wordt onderhouden; 
de gemiddelde drukgradiënt van deze gassen is daardoor theoretisch groot 
genoeg om te kunnen meten. Anderzijds betekent dit dat een groter deel 
van de alveolo-capillaire membraan continue wordt benut voor de diffusie 
van deze gassen. De transfer factor van deze gassen hangt niet af van 
de alvéolaire capillaire perfusie, maar van de diffusiecapaciteit van de 
alveolo-capi 11 ai re membraan (Dm), van de reactiesnelheid met haemoglo-
bine (θ) en van het alvéolaire capillaire bloedvolume (Vc ). Tussen deze 
factoren bestaat de volgende relatie (Roughton and Forster 1957) : 
l/T = l/Dm + 1/ с (2.11) 
Wat betreft de bepaling zelf, is het grootste probleem de meting van de 
gemiddelde drukgradiënt van het gas tijdens de testperiode. 
Directe meting van drukken in alveoli en alvéolaire capi 11 ai ren is onmoge-
lijk. De gemiddelde alvéolaire druk kan worden verkregen door gebruik-
making van een alveolair gasmonster tijdens uitademing (Bates е.a. 1955), 
of door gebruikmaking vande arteriële C0? spanning (Filley e.a. 1954). 
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Beide methoden hebben hun beperkingen. De bepaling van de gemiddelde 
alvéolaire capillaire druk is praktisch onmogelijk. Koolmonoxide kan 
in tegenstelling tot zuurstof zonder bezwaren in zeer lage concentra-
ties worden toegepast. Verwaarlozing van de gemiddelde alvéolaire capil-
laire CO spanning tijdens de opname van CO leidt zo tot een veel gerin-
gere overschatting van de drukgradiënt dan in geval van Op, en is daar-
om toelaatbaar. Dit vereenvoudigt de bepaling van de transfer factor 
aanzienlijk. CO is bijgevolg het meest geschikte gas voor de bepaling 
van de transfer factor. 
Van de vier bekende bepalingsmethoden is de single breath methode 
niet alleen de oudste, maar ook de meest toegepaste methode. De re-
breathing methode is theoretisch de beste methode, omdat eventuele 
ongelijkmatigheid van de ventilatie geen invloed heeft. De methode is 
echter zeer duur en wordt daarom weinig toegepast. De steady state 
methode geeft bij dezelfde longvol umi na en mate van inspanning de-
zelfde waarden van de transfer factor als de single breath methode. 
De steady state methode is echter minder goed reproduceerbaar in rust. 
De fractionele CO opname geeft slechts een kwalitatieve indruk, geen 
kwantitatieve maat voor de gasoverdracht in de long. Voor dit onder-
zoek werd gebruik gemaakt van de single breath methode. 
Door de transfer factor van CO bij twee verschillende alvéolaire 
zuurstofspanningen te bepalen is het mogelijk Dm en Vc afzonderlijk 
te berekenen. 
Het bovenstaande wordt nader uitgewerkt in achtereenvolgens de hoofd-
stukken I tot en met IV. 
28 Normale, gezonde personen werden eerst onderzocht, teneinde stan-
daardwaarden van T, Dm and Vc voor ons laboratorium vast te stellen. 
Het bleek van groot belang te zijn T, Dm en Vc uit te drukken per 
eenheid van alveolair gasvolume, Τ , Dm and Vc . Op deze wijze wor­
den verschillen in lichaamsgrootte genivelleerd, zodat de verkregen 
waarden direct met elkaar vergelijkbaar zijn; niet alleen onze waarden 
maar ook de waarden uit de series van andere auteurs. De variatie 
van T, Dm en Vc met het geslacht bleek geen andere te zijn dan de 
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variatie met de lichaamsgrootte. Enige invloed van de leeftijd op de 
waarden van Τ , Dm en Vc werd niet gevonden. De inademingsdiepte, de 
lichaamshouding en de mate van inspanning hebben aanzienlijke invloed 
op de waarden van Τ , Dm en Vc . Het is daarom van groot belang de 
omstandigheden waaronder de test wordt uitgevoerd te standaardiseren : 
inademen tot minstens 80% TLC, zittend en in rust. Dit alles wordt 
verder uitgewerkt in hoofdstuk V. 
Vc , dus ook Dm en Τ , zijn onder standaardomstandigheden tijdens 
de single breath test normaliter ongelijkmatig over de long verdeeld 
volgens een verticale gradiënt. Op basis van dit gegeven wordt in 
hoofdstuk VI een normaal longmodel beschreven. Aan de hand van dit 
model wordt nagegaan welk effect veranderingen van het ventilatie-
patroon, van het diffusiepatroon en van de tijd gedurende welke de 
adem wordt ingehouden hebben op de bepaling van Τ , Dm en Vc . 
In hoofdstuk VII zijn tenslotte de resultaten beschreven van de be­
palingen bij 73 patiënten lijdende aan verschillende cardio-vas-
culaire aandoeningen : klepgebreken (n=45), coronair insufficiëntie 
(n=16), links-rechts intracardiale shunt (n=8), primaire pulmonale 
hypertensie (n=2). Een aantal patiënten (n=23) werd zowel pre- als 
postoperatief gezien. Wanneer de single breath test wordt uitge-
voerd onder standaardomstandigheden, correleren de resultaten goed 
met de aard van de aandoeningen en volgen ze nauwkeurig veranderingen 
in de toestand van de patiënt. Essentieel is, dat niet alleen Τ 
maar ook Dm en Vc worden bepaald. 
Bij klepgebreken en bij coronair insufficiëntie is de methode vooral 
nuttig om de doeltreffendheid van de hartwerking te beoordelen. Te-
vens kaneen indruk worden verkregen omtrent de schade die aan de 
longen is aangericht ten gevolge van het cardiale dysfunctioneren. 
Bij links-rechts intracardiale shunts en bij primaire pulmonale hyper-
tensie heeft de methode ook diagnostische waarde. Bij de patiënten 
met primaire pulmonale hypertensie passen de resultaten van de single 
breath test uitstekend bij de bevindingen van electronen microscopisch 
onderzoek van longbiopten. Deze resultaten wijzen naar een primair 
pathologisch proces van de alveolo-capi Ilaire membraan bij deze aan-
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doening. 
In alle gevallen lijkt de methode bijzonder nuttig om op objectieve 
wijze het effect van de ingestelde therapie te beoordelen en de 
toestand van de patiënt te vervolgen. 
De methode is goedkoop, eenvoudig uitvoerbaar, niet invasief en 
ongevaarlijk voor de patiënt. 
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De mate waarin koolmonoxide door de lonqen wordt opgenomen, wordt 
behalve door de diffusiecapaciteit van de alveolo-capillaire 
membraan ook bepaald door de chemische binding met haemoglobine; 
ter beschrijving van het totale proces is het daarom beter te 
spreken van de transfer factor Τ dan van de diffusiecapaciteit D.. 
De klinische bruikbaarheid van de bepaling van de transfer factor 
van de long, van de diffusiecapaciteit van de alveolo-capillaire 
membraan en van het alvéolaire capillaire bloedvolume wordt aan-
zienlijk vergroot door de verkregen waarden uit te drukken per 
eenheid van alveolair gasvolume. 
Afzonderlijke bepaling van de diffusiecapaciteit van de alveolo-
capillaire membraan en van het alvéolaire capillaire bloedvolume 
is van essentieel belang voor de interpretatie van de transfer 
tor van de long bij patiënten met cardio-vasculaire aandoeningen. 
De percutané neurolytische technieken ter bestrijding van chronische, 
organische, onduldbare, anderzijds onbehandelbare pijn dienen in 
het curriculum van de opleiding anesthesiologie opgenomen te worden. 
Bij grote operatieve correcties van de stand van de wervelkolom 
biedt de klassieke neurolept-analgesie groot voordeel door de moge-
lijkheid de patiënt tijdens de repositie, op eenvoudige wijze, zo 
vaak als nodig is en pijnloos te doen ontwaken teneinde het func-
tioneren van de motorische wortels van het ruggemerg te controleren. 
Het concept van de onvermijdelijke, irreversibele hersenbeschadiging 
na een circulatiestilstand van meer dan vijf minuten is obsoleet. 
Het toepassen van abortus provocatus is een testimonium pauper-
tatis van vrouw, man, medicus en maatschappij. 
Het behoeft geen verbazing te wekken, wanneer zou blijken, dat 
er door de hoge snelheden waarmee ambulances niet zelden plegen 
te rijden, ondanks het voeren van zwaailicht en sirene, meer 
slachtoffers vallen dan er gered worden. 
Een goede samenvatting voorkomt veel onnodig lezen. 
Het beperkte keuzepakket op de middelbare scholen heeft tot gevolg, 
dat binnenkort zal gelden : de Nederlander was befaamd om zijn 
talenkennis; het valt dan ook te vrezen dat veel toekomstige Neder-
landse anesthesisten Undine's vervloeking niet meer zullen kennen. 
Indien democratisering van besturen van allerlei instellingen 
leidt tot een zodanige toename van de tijd, die nodig is om tot 
besluiten te kunnen (mogen) komen, dat daardoor steeds minder 
kandidaten zich voor een bestuursfunctie beschikbaar willen stellen, 
draagt dit niet bij tot de democratisering van besturen. 
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